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aveguide Test Equipment 


British Thomson-Houston are able to 
grade one test equipment for X-band, and 
S-band, for rectangular waveguides and con- 
centric lines. 


Please write for further information and technical data. 


+, 


BRITISH THOMSON-HOUSTO 


BRITISH THOMSON-HOUSTON COMPANY LIMITED + RUGBY 
Member of the AE! group of companies 


e 


ENGLAND 
A4863 
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Cl MARCONI 
FM SIGNAL GENERATOR 


TYPE TF 1077/2 


FREQUENCY RANGE 19.7 to 102.5 Mc/s DEVIATION up to 100 kc/s 


MARCONI instTRUMENTS 


SIGNAL GENERATORS '* BRIDGES * VALVE VOLTMETERS Q METERS WAVEMETERS 


FREQUENCY STANDARDS . WAVE ANALYSERS * BEAT FREQUENCY OSCILLATORS 


MARCONI INSTRUMENTS LTD - ST. ALBANS - HERTS - Telephone: ST. ALBANS 6160/9 
30 Albion St., Kingston-upon-Hull. Phone: Hull Central 16144. 19 The Parade, Leamington Spa. Phone: 1498 


Managing Agents in Export : 
MARCONI’S WIRELESS TELEGRAPH CO. LTD. ' MARCONI HOUSE, STRAND, LONDON, W.C.2. 


TC 66 


Recently added to the extensive range of 
| high quality communication cables developed 
| and manufactured by Standard Telephones 
and Cables Limited is polythene insulated 
Video Cable, designed for the trans- 
mission of television signals up to 33 
miles without the need for intermediate 
amplifiers. Introducing a new economy 

for short-range television cable links, the 
Standard Video Cable provides balanced 
circuits of low loss, excellent impedance 
uniformity and its special screening reduces 
interference to negligible levels. Several video 
pairs can be stranded into a cable to give 
flexibility and multiplicity of the video channels. 


Juma Note these FeatureS == == == == ms 
Low loss I6db per mile at 4 Mc/s. 
High degree of impedance uniformity 


Specially designed screening 


ee a, a 


Multi-pair construction 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, W.C.2 
TELEPHONE LINE DIVISION: North Woolwich, London, E.16 
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MURPHY — SKILLMAI 


Multi Channel Radio Links 


ONE to TWENTY-FOUR TELEPHONE CHANNELS 
TO C.C.1.F. RECOMMENDATIONS 


CHEAPEST COMMUNICATION CHANNELS EVER OFFERED CONFORMING 1 
CONSERVATIVE TELEPHONE PRACTICE 
% Considerably cheaper than equivalent copper wires. 
3 Can be installed where lines are impracticable. 


3% Rapidly and easily set up—aerials, A.C. Mains and V.F. lines only to t 
connected. 


% Compactly built— 
complete with 6 telephone channels—/ ft. rack; complete with 12/2 


telephone channels—8ft. 6 in. rack. 


% Available either with dialling facilities, or with ringdown signallin 
convertible at any time and at no extra cost to dialling. 


ae 
%& Frequency modulated radio links with choice of two radio frequency bands 
available—170 Mcs or 420 Mcs. 


% All telephone channels flat to C.C.I.F. limits. 


% V.F. Telegraph, telemetering or similar facilities can be worked on any 
channel. 


% Easy Maintenance—all panels are built on a plug-in basis. 


+ Valves are standard types and mounted for rapid replacement. “‘In service”’ 
valve testing is provided. 


The combined skill of the Murphy and Skillman organisations is 
available to meet requirements for larger groups, up to 120 channels. 


MURPHY RADIO LTD. | T. S. SKILLMAN & CO. LTD.|T S. SKILLMAN & CO. PTY. LT 
Welwyn Garden City, Herts. Colindale, London, N.W.9. Sydney, N.S.W. 
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| SKILLMAN 


fo Biwelve Channel Groups 


ki COMPLETE WITH DIALLING EQUIPMENT 


i 
i 
| for use on 


‘ARRIER TYPE CABLES 
12, 24 or 48 Channel groups are available conforming in all respects to 


 C.C.LF. recommendations. 


SAXIAL CABLES 
_ 60 channel Super Groups are available to C.C.I.F. recommendations. 


| 
ADIO LINKS 
_ Up to 120 Channels can be provided on existing links or in conjunc- 


| tion with new Murphy developments (see opposite). 


\ 


Each channel reaches the switching equipment as a voice circuit 
plus the equivalent of two extra copper wires from end to end for 
signalling. 

The advantages of this from standardisation and organisational 
points of view are becoming widely recognised and, in making any 
economic studies, the complete elimination of the large groups of 

| relays, required for pulse signalling systems, should not be over- 
looked. 


Can be combined with T.O.M.E. 


THER SYSTEMS AVAILABLE FOR USE ON JUNCTION 
ABLES OR OPEN WIRE LINES 


Jy 
The illustration shows 24 channel ends, complete with signalling gear, 2 wire V.F. terminations, 
amplifiers, etc., all mounting on one side of a rack: 48 channels will mount on a double-sided rack. 
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60 Watt H.F. 
FIXED STATION | 


This completely new Pye equipment has been specifically 
designed for point-to-point communication and will fulfil equally 
well a ground-to-air role in air traffic control systems. 

Push button control brings any one of four preselected channels 
into immediate operation; this facility is also available when the 
equipment is installed for remote unattended operation. The 
60 watt Fixed Station Transmitter offers R/T, C/W, or M.C.W. 
operation with ‘break-in’ facilities on telegraphy. 

The equipment is suitable for unattended operation in the 


tropics. 
ay 
PIE 


Telecommunications 


CAMBRIDGE ENGLAND 


q 


“9 


Pye (New Zealand) Ltd. Pye Canada Ltd. 


Pye-Electronic Pty., Ltd. Pye (Ireland), Ltd. 


Auckland C.I., New Zealand Ajax, Canada Melbourne, Australia Dublin, Eire 
Pye Radio & Television (Pty.) Ltd. imi Pye Limited Pye Corporation of America _ 
Johannesburg oh Pimleed Tucuman 829 270 Park Avenue ; 

South Africa Mexico City Buenos Aires New York 


PYE LIMITED --: CAMBRIDGE ere ENGLAND 
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A NEW TECHNIQUE IN HIGH SPEED 
WAVEFORM MONITORING 


BANDWIDTH : 4 
10 ke/s to 300 mc/s Z 


INPUT IMPEDANCE OF EACH PROBE : 
Approx. | pf (input element of variable 
eapacity divider) 

MAXIMUM SENSITIVITY : 

| Full Scale Deflection for 1 Volt input 


TIME SCALE : 
Variable from .05 microsecs to 5 microsecs 


RECURRENCE RATE OF MONITORED WAVEFORM : 
100 c/s to 10 ke/s 


CALIBRATION : 


Provision is made for accurate 
measurement of time and voltage 
scales of a waveform 


PREVENTION OF JITTER ! 
A circuit is incorporated 
for providing a stable 
display when a monitored 
waveform is jittering with 
respect to its driving pulse. 


HIGH SPEED RECURRENT WAVEFORM MONITOR TYPE 500 


The wide bandwidth and high sensitivity 
of the instrument as well as the very high input 

impedance result from the use of a sampling technique. 
During each recurrence a measurement is made of the instantaneous amplitude 
of one point in the waveform. This measurement is amplified and applied to 
the cathode ray tube as one co-ordinate of a graph of the waveform. During 
subsequent recurrences, instantaneous measurements are made of different 
points, resulting, after about 100 recurrences, in a complete graph. 


fot }~©6METROPOLITAN -VICKERS 


information, 
if ELECTRICAL CO LTD - TRAFFORD PARK - MANCHESTER, 17 


Member of the AEI group of companies 


Leading Electrical Progress 


43428 
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AUTOMATIC ANTENNA PATTERN RECORDING 


EKCO ANTENNA PATTERN REGORDER type E59 


This equipment has been developed by EKCO Electronics to automatically record 
the radiation patterns of any centimetric antenna. The antenna under test is 
mounted on the roof of a rotatable trailer and illuminated by a fixed transmitter. 
The amplitude of the received signal is then continuously plotted against the angular 
traverse of the trailer. 


All the equipment except the transmitter unit is mounted in the trailer and remote 
controls for the transmitter are provided. The received C.W. signal is mixed with a 
modulated local oscillator signal and the resultant I.F. output combined with an anti-phase 
modulated I.F. signal. The reference signal is derived from a 30 Mc/s oscillator 

and servo-driven piston attenuator. The combined signals are fed via a seven-stage, 
low-noise I.F. amplifier to a balanced modulator, and the resultant error signal 

applied to a servo amplifier. The output of this amplifier drives a servo motor which 
“moves the piston attenuator in such 

a direction as to reduce the difference 
between the reference signal 

and the received signal. A pen 
attached to the piston drive mechanism 
records the amplitude of the received 
signal in terms of the attenuation 

law of the standard piston. Facilities are 
available for plotting either on Cartesian 
or polar co-ordinate graph paper. The 
amplitude scale in each case is 10dB 

per inch with a maximum travel of 65dB 
and the Cartesian co-ordinate paper 

can be run at rates corresponding 

to 2 or 5 degrees per inch. 


The Standard Equipment covers the frequency range of 9300 to 
9500 m/c. The frequency changer section is a plug-in unit and other 
frequency ranges can be covered to special order. The Recorder 
can be supplied in two forms with either a single 6ft. (shown above 
with plotting table) or a twin 4 ft. console rack shown at right. 


We shall be pleased to discuss this equipment with you. 


a KGQ electronics 


ES EKCO ELECTRONICS LTD - EKCO WORKS + SOUTHEND-ON-SEA - ESSEX 'G 
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unication... 


World wide radio-communication 
began with Marconi’s Transatlantic 
g SS messages in 1901. Since then Marconi 

mn Ses ‘ — 5 research and development have 
WE zs: been behind every major advance in 
: technique. Marconi equipment today, 

operating at all frequencies, covers 

a very wide field of both long and short 
range radio/telegraph and radio/tele- 
phone requirements. Marconi VHF 
multi-channel equipment can provide 
for as many as 48 telephone channels and 
oy : ; S = —— : is largely superseding land line or cable 
Sey, = ie Se routes on grounds of efficiency, economy, 
: ease of installation and maintenance. 
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MARCONI 


COMPLETE COMMUNICATION SYSTEMS 


i Surveyed, Planned, Installed, Maintained 


rm) , 
MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED +: CHELMSFORD - 


ESSEX 
LGI 
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Marconi VHF FM Multi-Channel Terminal 
and Repeater Units 


HM 100 AND 150 SERIES 


Marconi VHF multi-channel systems pro- 


vide reliable and economical communi- 


cation. Up to 48 telephone channels can 
be provided simultaneously and some of 
these may be further sub-divided by VF 
telegraph channelling equipment to give 
either 18 or 24 telegraph channels. The 
equipment operates in conjunction with 
carrier apparatus which is the same as that 
already standardised for use on line systems. 
Such a radio system can operate over hun- 


dreds of miles by placing repeater units at 


suitable points along the route. 


i 
1 
I 
i 

J 


3% The HM 100 and 150 series of equipment 
will operate entirely unattended and change- 
over is automatic in duplicate systems. 


All units can be easily withdrawn for 
inspection and maintenance. 


! 
I 
1 
I 
| 
I 
L 


Over 80 countries now have Marconi equipped telegraph and communication systems. Many 
of these are still giving trouble free service after more than 20 years in operation. 


Lifeline of communication 


MARCONI 


COMPLETE COMMUNICATION SYSTEMS 
Surveyed, planned, installed, maintained 


MARCONI’S WIRELESS TELEGRAPH COMPANY LTD., CHELMSFORD, ESSEX 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Ltd. 


Lce 
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TYPES 
HS 71 AND HS 72 


The assembly is enclosed by unit 


sections, as shown here, with ac- 


cess through front and rear doors. 
The two left hand bays house the 
rectifier and power equipment and 


the right hand bays the low power 


and auxiliary transmitting circuits 


and the main output stage. 


These transmitters, designed in accordance with FEATURES INCLUDE 
the most advanced practice, provide :— 


@ Tuning over the whole range without change 
(a) Telegraphy on CW and FSK (AI and Fl) of components 
(b) Independent Sideband Operation (A3b) e Air cooling throughout, with dust filtering. 


The drive equipment is external and provides 
either ISB modulation or telegraph keying at 3.1 
Mc/s and suitable RF oscillator signals for fre- 
quency changing in the transmitter. HS 71 is @ Envelope feed back to reduce distortion. 
manually operated ; HS 72 provides full automatic 
tuning and selection of any one of six pre-set 
frequencies. 


Double screening of power stages reduces in- 
direct radiation and cooling air noise. 


Compact assembly with good access for 
servicing and safety interlocking. 


More than 80 countries now have Marconi equipped telegraph and communication 
services, many of which, completed 20 years ago, still give trouble-free operation. 


Lifeline of communication 


MARCONI | 


COMPLETE COMMUNICATION SYSTEMS 


Surveyed, planned, installed, maintained 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Limited 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 
LCI2 
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Reception on six spot frequencies in the 
HF band and continuous tuning throughout 
the entire range, plus broadcast reception 


MARCONI 


RECEIVER 


TYPE GR 150/6 


SPECIAL FEATURES 


The performance of this receiver is of the ® Crystal control on any six spot frequencies throughout 

highest order and meets the requirements of the band with continuous tunable L.C. oscillator in 
addition. 

commercial telecommunication working in all ® Double crystal band-pass filters giving extremely 


good adjacent channel protection. 

® Built in 500 kcjs crystal oscillator facilitates calibra- 
superhet. design and incorporates special filters, tion checking. ; 

® De-sensitising circuit enables full or partial muting 
when working with an associated transmitter.” 
calibration oscillator. H.T. voltages are © Power supply circuits in separate unit to avoid 
temperature changes. 

@® Suitable for cabinet or rack mounting, with easy 
servicing access. 


climates and conditions. It is of double 
a noise limiter and a built-in, crystal controlled 


stabilised to overcome mains fluctuations. 


Over 80 countries now have Marconi equipped telegraph and communications systems. Many 
of these are still giving trouble free service after more than than twenty years in operation. 


Lifeline of communication 


MARCONI 


COMPLETE COMMUNICATION SYSTEMS 
Surveyed, planned, installed, ‘maintained 


SS 
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MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 


Partners in Progress with The ‘ENGLISH ELECTRIC’ Company Ltd. 
Lc 9 “ 
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CERAMIC PHENOLIC NON- 
INSULATED INSULATED INSULATED 


0.800" 1.300" 1.250" 
0. 255" 0.315" 


ll- 22 23- 90 
19- 42 43 - 
W- 45 46 - 
22- 53 22- 54- 
2- 60 25- 6l- 
28- 66 28 - 67 - 
31- 73 31- 14- 
37- 88 37 - 89 - 89 - 
63- 120} 121- 63- 140) 121- 121 - 
61- 147 | 148 - 6l- 147) 148 - 148- 430 


96- 235 | 236- 688 96- 235] 236 - 236- 688 
150 - 368 | 369 - 1080 190 - 368} 369 - 1080 369 - 1080 
329 - 809 | 810 - 2370 329- 809) 810 - 2370 810 - 2370 
479 - 1180 /1181 - 3440 479 - 1180 | 1181 - 3440 1181 - 3440 
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20 Mc/s FREQUENCY MONITOR 


The Automatic Frequency Monitor (20 Mc/s) 
is but one of a series of high grade monitors 
now in course of manufacture for the accur- 
ate measurement of frequency. 


Employing hard valve techniques throughout, 
it will measure any frequency in the range 
10 c/s to 20 Mc/s to an accuracy within 
deh partein 10%: 


| 


The result, in decimal notation, is presented 
on eight panel mounted meters each scaled 
from 0 to 9 and the unknown frequency is 
automatically remeasured every few seconds. 


This new equipment presents a considerable 
advance in frequency measuring techniques 
and apart from normal laboratory applica- 
tions, is ideally suited for incorporation in 
production testing routines. 


Full technical information on this and other 
frequency measuring equipment is available 
on request. 


TELEVISION LTD 


A COMPANY WITHIN THE J. ARTHUR RANK ORGANISATION, 


WORSLEY BRIDGE ROAD - LONDON = S.E. 26.) 
HITHER GREEN 4600 


SALES AND SERVICING AGENTS : 
Hawnt & Co, Ltd., 59 Moor St. Birmingham, 4 
Atkins, Robertson & Whiteford Ltd., 100 Torrisdale Street. Glasgow, S, 2 
F, C. Robinson & Partners Ltd., 122 Seymour Grove, Old Trafford, Manchester, 16 
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Designed jor Continuous Service 
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ATE/TMC transmission equipment is designed to offer an operating adminis- 
tration the maximum facility in installation and in subsequent maintenance 
routines. A bayside can be unpacked, carried, erected and equipped by one 
man if necessary. Panel frames, fitted with quickly detachable functional units, 
are of the “‘jack-in”’ type, an arrangement which ensures the most rapid form 
of servicing yet devised. Further information is contained in the brochure 


“Unit Construction Practice’? a copy of which will be forwarded on request. 


Radio and Transmission Division, Strowger House, Arundel Street, London, W.C.2. Telephone: 
TEMple Bar 9262. Cables: Strowgerex London. Manufacturers: AUTOMATIC TELEPHONE & ELECTRIC 
Co. Ltp., Liverpool and London. TELEPHONE MANUFACTURING Co, Ltp., St. Mary Cray, Kent. Secor 90 


AUTOMATIC TELEPHONE & ELECTRIC CO. LTD. al) 


AT 8531-BX 105 
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e UHF TELEVISIO 


G.E.C. microwave TV equipment has be 
chosen by Canadian National and Canadi 
Pacific Railroads for their London-Winds 
(Ontario) link. 


Canadian Broadcasting Company TV programmes are picked up 
London and relayed to Windsor, 120 miles away, through repe: 
stations at Dutton, Duart, Rhodes and Leamington. 


This one-way channel is already in service. The complete installati 
proceeding to a firm delivery schedule, looks forward to two further sta: 
A second, reversible channel is being installed first, and then the origi 
channel is to be made reversible. Supervisory equipment is being supp) 
for unattended operation of the complete two reversible links. 


The TV equipment is of the standard G.E.C. pattern, system SPO 5. 
operating in the 1700-2300 Me/s band. It is suitable for the transmiss 


of 405-line, 525-line or 625-line pictures. 


Typical 9 ft. racks of G.E.C. 

system SPO 5551 microwave S | 
4 

TF equipment. e | 


4 


LONDON 
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London-Birmingham ~~" 


London-Norwich 


London-Wenvoe 
Wrotham-Swingate-Gassel 
Generosa-Jungfraujoch-Chasseral 
Uetliberg-Chasseral-Romont-Dol 


CANADA 


Supplied through 
CANADIAN GENERAL ELECTRIC CO. LTD. 


THE GENERAL ELECTRIC CO. LTD. OF ENGLAND 
Telephone, Radio and Television Works 


COVENTRY + ENGLAND 
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with Ferroxcube pot cores 


a a 
— EE 


be supplied to communications equipment designers’ individual specifications. 


3 


| the winding of compact coils with very high inductances. This results 


WI : in a considerable reduction in the size and cost of the associated condensers 
and hence of the filter unit as a whole. The high Q values obtained 
HII | 


These filter units have significant advantages over comparable types 


| 


High quality electrical filter units built around Ferroxcube cores can now 


designed without the use of Ferroxcube, particularly in the frequency range 
300 c/s to 500 ke/s. For audio frequencies the use of Ferroxcube cores permits 


| 
i 


N 


stray flux facilitates the production of compact and mechanically robust filters. 
Electrical filter units are among a number of high quality components 
now being made available by Mullard. Full details of the complete series 


characteristics and low pass-band losses to be achieved, while negligible 
| i 


of components will be gladly supplied upon request. 


‘Ticonal’ alloy permanent magnets 
Magnadur permanent ceramic magnets 
Ferroxcube ferro-magnetic cores. 


| ! Mullard 


| MULLARD LTD + COMPONENTS DIVISION + CENTURY HOUSE + SHAFTESBURY AVENUE + WC2 
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New beam tetrode D.C. control valve 
of exceptional performance 


gm - 35mA/V 


Max. cathode current 800mA 


The Ediswan Mazda 13.E.1 is a new beam tetrode 
with a high slope and good power handling capacity 
for use as either a series or shunt control valve in 
stabilised power supplies. It is also eminently 


suitable for servo control motor systems. ea 


“Vite! a 
Bil et ily NE 
In either of these functions the 13.E.1 can usually be be | 
used in place of two or three smaller valves thereby : 
saving space and simplifying wiring because multi- 
plicity of connections, grid and anode stopper 
resistors etc., are avoided, and this, in turn, gives the 
additional advantage of improved circuit stability. 


The 13.E.1 has a B.7A. all glass base and is intended 
for vertical mounting. All maximum ratings shown 
below are absolute values, not design centres. 


RATING B.7A. BASE 


CONNECTIONS 


Vh 26.0 v I3 v. 

th 3A 2.6 A Pin I h 
Va max 800 V Pin2 h tap 
Vg2 max 300 V Pin3 gl 
Vgl max -100 V Pin 4 k 
Wa max 90 W Pin5 g2 
We2 max 10 W Pin6é a 
Ik Max 800 mA Pin7 h 


Vh/k max. (cathode+ VE) 300 V 


EDISWAN | 


MAZDA 
VALVES AND CATHODE RAY TUBES 


THE EDISON SWAN ELECTRIC’ CO: LTD. 155 Charing Cross Road, London, wW.C.Z 
Telephone: Gerrard 8660. + Member of the A.E.I. Group of Companies + Telegrams: Ediswan, Westcent, London 
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MARCONI! GRYSTALS for Stability and Precision 


The experience gained in manufacturing quartz crystals to the stringent 
requirements of our own apparatus and those of the Services, enables us to offer 
a comprehensive range of crystals covering the frequency band 1.6 Ke/s to 55 mc/s. 
Years of intensive research and development work in this field guarantee 
the reliability and quality of this Marconi Product. 


Planetary Lapping Finishing to Frequency Testing—Grid Current Recording 


Lifeline of communication 


¢ MARCONI 


Yih hy 


Partners in progress with the ‘ENGLISH ELECTRIC’ Company Limited 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, Se 
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ITS THE ROLLS- ROYCE perrection 


é ei THAT COUNTS 


Sy 


] me 


DEAR SIRS, 

I am a customer, having 
two of your Transformers, 
which I believe are the best in 
the world... 


G.L.A.B., Washington, U.S.A. 


Savage ‘‘Massicore’” Trans- 
aR, formers . are meeting more 
exacting electronic needs than 
(§ AVAGE or EVIZES) ever before—including those 
Gk — of Rolls-Royce, makers of the 

“mire best car in the world. 


SAVAGE TRANSFORMERS LTD., NURSTEED RD., DEVIZES, WILTS. Telephone: DEVIZES 932 


MODEL 770R - 19 sail to 165 ie CONTINUOUS 
MODEL 770U—150Mc/s.to 500 Mc/s. CONTINUOUS 
& FOR MONITORING, FIELD TESTS, LABORATORY PURPOSES ETC. | 


Highly efficient signal frequency circuits. | 
Substantial diecast rotary coil turret. 


Excellent » frequency stability and | 
selectivity. 


Accurate re-setting and ease of handling. 


High sensitivity and excellent signal-to- 
noise ratio. 


For AM and FM. 


Robust construction and outstanding 
reliability. 


‘*S’? Meter. Noise Limiter. 


Preferred type valves. 


: t 
@ A.C. operation. 110-250 volts. 40-60 cycles. e 
| @ Dimensions 163” x 15” x 83’. e 
@ Weight 60 Ibs. 


Finest workmanship. 


PLEASE WRITE FOR FULL SPEGIFICATION TO THE MANUFACTURERS: ; 


STRATTON & CO. LTD., ALVECHURCH ROAD, BIRMINGHAM, 31 


a 
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--- but for specialised 
, production 


in electronics... 


In its most advanced form, specialised production in electronics today 
calls for the combined skill, knowledge and experience of a diversity of 
techniques. 

These requirements necessitate not only first class research and 
development laboratory facilities, but competent production, 
engineering and planning staffs. 

Plessey have these facilities, and many others, as closely integrated parts 
of a single division—the Electronics Division—and are, in consequence, 
able to offer a unique service to manufacturers for the limited or 
quantity production of their products. 

Among those renowned organisations which have recently availed 
themselves of these services are included BTH, Decca, I.A.L., 

Kelvin Hughes, Marconi’s Wireless Telegraph Company Ltd. and 


Laurence Scott & Electromotors Ltd. 


Radar display console manufactured 
for Marconi’s Wireless Telegraph 
Company Ltd. 


eee you should see 


Eo FEC SU Re@ NMIEGIS DeVilessICOUN == 7 Esl E-P HONE: VeAgeee Niet] NE ,  8'8-5°5 
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THYRATRONS 


for Industrial Purposes 


XENON-FILLED TRIODES 
These valves are suitable for a wide variety of control appli- 
cations. The inert gas filling ensures stable operation over a 


wide range of ambient temperatures. 


HYDROGEN-FILLED PULSE 
MODULATOR TRIODES 
Designed to discharge pulse-forming networks 
: in high power, high voltage pulse generators. 
: 7 > Short deionization time and low time jitter 
“aa or ‘ provide for precise triggering at high repetition 


Ei 


frequencies. 


Technical data sheets are available on request. 


Max. Filament & bb ry ry os is 4 
—_ Dimensions | or Heater | ~ & “ye “4 § 38 a4 oO 
on SOD B On og o § =i) EROS 8 x g 
sie ae are | a3 | So | Sy | ye) oe 
& iia ph eine gen oe | Hee | Hee | BS |) oo eee ea 
Belge | S| ee Se 1 Se a8 Se eee ee 4 
Be | Ce.) oS lle 4 £ Ss) OSes 
r=) e VS < 
| eo es 
AFX.212 ;} Xe 54| 19 6:35 O25 350 350 O.II | 0,025 II —_ 6D4 1949 
AFX.203 | Xe 176 | 57 2.5 | 4.0 300 280 1-7, 0.40 II — CiA 2868 
FX.215 He 286 | 97 PS | elas 16,000 16,000 200 | 0.20 100(b) | 2.0 x 10° — 2203 
FX.219 Ha 222 | 65 6.3 | 10.6 16,000 16,000 325 | 0.20 100(b) | 3.2 x 109 | 5C22 2520 
FX.225 | He 175'| 65 Sey One 8,000 8,000 90 | 0.10 | 100(b) | 2.0 x 109 | 4C35 1787 
FX.227 He 132 | 40 6:3) | 72225 3,000 3,000 35. | 0.045 | 100(b) | 0.3 x 109 | 3C45 372 


Xe— Xenon He— Hydrogen 
(a) — Product of Peak forward Voltage, Peak Current and pulse repetition frequency. 
(b) — Under conditions of pulse operation. 


“ENGLISH ELECTRIC’ 


Waterhouse Lane, Chelmsford 


AN OAD CA Telephone: Chelmsford 3491 


AP300/13 


Ferranti are specialists in the manufacture of a.c. and d.c. equipment for 
all kinds of routine and research testing, and are backed by over 70 years’ 
experience in the manufacture and development of electrical apparatus. 
The illustration shows a 3,200,000 volt, 8 stage, 4 column Ferranti 
Impulse Generator, energy rating 77 kW seconds, D.C. charging 400 kV 
per stage, installed at the National Physical Laboratory, Teddington, by 
whose permission this photograph is reproduced, 


FERRANTI 


FERRANTI LTD HOLLINWOOD - LANCS 


London Office: KERN. HOUSE: 36. KEN GS WAY. Wee? 
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In Science and Industry alike... 


among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


CENTURY HOUSE, SHAFTESBURY AVENUE, LONDON, W.C.2 


RADIO & TELEVISION RECEIVERS - RADIOGRAMS & RECORD PLAYERS - GRAMOPHONE RECORDS * TUNGSTEN, FLUORESCENT, BLENDED AND DISCHARGE LAMPS & 
LIGHTING EQUIPMENT - ‘PHILISHAVE’ ELECTRIC DRY SHAVERS + ‘PHOTOFLUX’ FLASHBULBS - HIGH FREQUENCY HEATING GENERATORS - X-RAY EQUIPMENT 
FOR ALL PURPOSES + ELECTRO-MEDICAL APPARATUS ~- HEAT THERAPY APPARATUS - ARC & RESISTANCE WELDING PLANT AND ELECTRODES * ELECTRONIC 


MEASURING INSTRUMENTS + MAGNETIO FILTERS - BATTERY CHARGERS AND RECTIFIERS - SOUND AMPLIFYING INSTALLATIONS + CINEMA PROJECTORS - TAPE RECORDERS 
P23) 


have these outstanding features 
HIGH OPERATIONAL SPEED - HIGH SENSITIVITY 
FREEDOM FROM CONTACT REBOUND 
NO POSITIONAL ERROR - HIGH CONTACT PRESSURES 
EXCEPTIONAL THERMAL STABILITY » EASE OF 
ADJUSTMENT « ACCURACY OF SIGNAL REPETITION 


The Carpenter Polarized Relay will respond to weak, ill-defined or short- 
duration impulses of differing polarity, or it will follow weak alternating 
current inputs of high frequencies and so provide a continuously operating 
symmetrical changeover switch between two different sources. 

Five basic types are available with a wide range of single and multiple 
windings. Particulars of the type best suited to your purpose will be gladly 
supplied if you will send us your circuit details. 


Manufactured by the sole licensees 


“TELEPHONE MANUFACTURING CO. LTD 


Contractors to Governments of the British Commonwealth and other Nations 


( HOLLINGSWORTH WORKS, DULWICH, LONDON, SE2I1 “@ 
'. Telephone GIPsy Hill 2211 


CERAMIC| 


_ CAPACITORS: 


3) 
CARD ' 


tor, 


Caen Sung 


DNase a WA 


be Fe, pees e 

“ PNR go ach v at REO EDS 
DUBILIER CONDENSER COMPANY (1925) LIMITED 
DUCON WORKS, VICTORIA ROAD, NORTH ACTON LONDON, W.3 


Telephone: ACOrn 2241 Telegrams: Hivoltcon Wesphone London 


We 
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TOROIDAL 


POTENTIOMETERS 


Ceramic Insulation only—and approved for 
Tropical conditions. Complete Ceramic 
Rings for strength. Also a large range of 
precision Toroidal-wound Potentiometers. 


P.X 4/H.10 
Helical 10 turn 
5 watts. 20 to 
50,000 ohms 
3,600°+3° 


Also 3 
Turn and 
Tropical models. 


Have you a copy of this 
catalogue? If not, write for 
list No. 215 


P - X - FOX LIMITED 


HAWKSWORTH ROAD 
HORSFORTH + YORKS 


Tel: Horsforth 2831/2 
Grams: Toroidal, Leeds 


INSULATED 
CHAMPIONS 


For sixty years Connollys have had the 
honour of supplying the ever increasing 
needs of electrical manufacturers using 
winding wires. 

Their new factory at Kirkby, the most 
modern of its kind in the world, has 
enabled them to extend very widely 
their range of products which now 
include paper covered, cotton and 
glass covered strips. 

Your enquiries will be welcomed. 


Samples gladly supplied on request. 


The largest manufacturers of 
fine enamelled wire in the world. 


CONNOLLYS Cencting Wires 


CONNOLLYS (BLACKLEY) LIMITED 


Kirkby Industrial Estate, Liverpool 
Telephone: SIMondswood 2664. Telegrams: “SYLLONNOC, LIVERPOOL 
Branch Sales Offices: } 
SOUTHERN SALES OFFICE AND STORES: 


23, Starcross Street, London, N.W.|!. EUSton 6122 
MIDLANDS: 15/17, Spiceal Street, Birmingham 5. MIDiand 2268 


: 


* * 


IMPREGNATE 


your coils with ease 


BLICKVAC 


High Vacuum Impregnators meet the most stringent specifications and 
yet are easy to handle. Full range of models available to meet the needs 
of the large-scale producer, the research laboratory or the small Rewind 
shop. E 

Outstanding Features: 


Ease in control 
Ease in cleaning 


Elimination of vibration 


Unequalled flexibility and 
performance 


@ Simple attachment of 
auxiliary autoclaves 


@ Units available suitable 
for Varnish, Wax, Bitu- 
men and Potting Resins. 
Users include M.O.S., 
NICIBY a. G.E.Co) hye: 
Marconi, Metro-Vick. 


If your problem is COIL IMPREGNATION or impregnating or casting 
with Potting Resins consult: 


BLICKVAC ENGINEERING LTD 


Bede Trading Estate, Jarrow, Co. Durham Jarrow 89-7155 : 
96-100 Aldersgate Street, London, E.C.1. Monarch 6256/8 — 


* *G 
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In June 1920 the first advertised sound 
radio programme was broadcast from the Marconi 
transmitter at Chelmsford. To-day Marconi 

high or medium power transmitters and high power 
aerials are installed in every one of the B.B.C’s 
television transmitter stations and Marconi 
television systems are being supplied to countries 

in North and South America, Europe and Asia. 


MARCONI 


Complete Television and Sound Broadcasting Systems 


IARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED + CHELMSFORD - ESSEX 
c0.7. 3 €Qlt Grae 3 ty'e | ; A LG 3 
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Operating ia in 
decimetre wave region, this Signal 


Generator has been designed to meet 


the increasing requirements of the 


development laboratory at Ultra 


High Frequencies. Besides a wide 


frequency range and reliable 


attenuator system, provision is made 


in the L.1 for both internal and 


external sinewave and pulse modu- 


iD 
ance COMPONE GLAM 


em wnt untae : lation. Full technical details are 
@ available on request. 
rif) : 
ie 
OTD Segre a 30047 0% .14,00:0 Mais Advauce 
Full technical details in Folder Azy U.H.F. SIGNAL GENERATOR 
available on request. Nett price in U.K. £375 


ADVANCE COMPONENTS LTD. MARLOWE RD., WALTHAMSTOW, LONDON, E.17. Phone: LARkswood 4366/7/8 


G.D. 


Economy begins The latest developments in 


permanent magnet materials and 
at t h e techniques can effect remarkable 
economies, provided they are 
introduced at the design stage. 


Send for Publication 
P.M.131/51 “Design and 


Application of Modern es 3 Q AA A RE E Ny T 


Permanent Magnets” 


Made by the makers of Mi A G | E T ) 


“Eclipse” Permanent Magnet Chucks 


—* 


JAMES NEILL & CO. (S$ HEF eee 2 
SHEFFIELD 141 ENGLAND 


“4 
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Henley Tape is a double-coated 
Black Adhesive Tape for pro- 
tecting rubber insulated joints 
and for all kinds of protective 
work, It is prepared from 
strong closely woven fabric 
treated with a special rubber 
compound by a process which 
ensures that the compound is 
forced into the texture of the 
fabric. Free from all,deleter- 
ious substances and deliqu- 
escent salts, it is extremely 
tenacious, but clean to handle. 
It is strong but can be con- 
veniently ripped across _ if 
desired. Henley tape is 
supplied in wrapped rolls 
packed in cardboard cartons 
and containers. Complies with 
B.S. 1078 : 1954. 


Cecdden INSTRUMENTS 


are made by the leading experts in the design 
and manufacture of multi-range electrical 
testing instruments. They are world-renowned 
for their high standard of accuracy, efficiency 
ss of design, robustness and compact portability, 


Write for a free copy of the latest Comprehensive 
Guide to “‘Avo”’ Instruments. E A i ee 
THE AUTOMATIC COIL WINDER & ELECTRICAL EQUIPMENT CO., LTD. 


AVOCET HOUSE + 92-96 VAUXHALL BRIDGE ROAD - LONDON, S.W.1. 


Telephone: VICtoria 3404 (9 lines) e ‘ 3 ‘ 
Hi APPOINTMENT 


LECTRIC CABLE 
MANUFACTURERS 


Please ask for prices 
and free sample 


W. T. HENLEY’S TELEGRAPH WORKS CO. LTD., 51-53 HATTON GARDEN, LONDON, E.C.I 


AIDCOLBy 
(Regd. Trade Mark) 
SOLDERING ) | eff INSTRUMENTS 


& ALL 
ALLIED EQUIPMENT 


ASSURES 


BIT SIZES SOUND 


3 toaz” JOINTS 
Insulated Resistance Wires Per NiGns: FOR 
with standard coverings of FROM : SOUND 
PRIEME Slass, asbestos, 6/7 to 230/50 VOLTS EQUIPMENT 
standard enamel and synthetic 
enamel are supplied over a 
large range of sizes. 


Send for leaflet LB11 ADCOLA 
PRODUCTS LTD. 
THE LONDON ELECTRIC WIRE COMPANY Head Office & Sales 


ie i TELEPHONES 
GAUDEN ROAD § 
AND SMITHS, LIMITED A i MACaulay 4272 


CLAPHAM HIGH St. 


CHURCH RD., LEYTON, LONDON, E.10 
LONDON, S.W.4 


Incorporating Frederick Smith & Company 
Associated with The Liverpool Electric Cable Co. Ltd. and Vactite Wire Co. Ltd. 
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ARE YOUR ENGINEERS OVERWORKED? 


We have well-equipped laboratories, backed by production facilities, for the design, 
engineering and production of specialized electronic equipment. 


A very wide range of microwave test equipment is available, including first grade test 
benches. Fully automatic test and calibration equipment, frequency and power sub- 


standards, technical investigation of Service equipment, are among the projects 
handled. 


Why not discuss your problems with us? 


G. & E. BRADLEY LIMITED 
ELECTRONIC RESEARCH ENGINEERS 


BERESFORD HOUSE, MOUNT PLEASANT, ALPERTON, WEMBLEY, MIDDX. TELEPHONE: | WEMBLEY 3691-4 
A.I.D. Approved. Contractors to H.M. Government. 


Announcing the NEW <@p> 


Wave Analyser Type 853 


(Selective Measuring Set 30kc/s-30Mc/s) 


This instrument is a selective measuring set of great versatility operating over 
the frequency range 30 kc/s-30 Mc/s. It consists essentially of a stable high-gain 
selective amplifier, operating on the heterodyne principle and incorporating H.F. 
and L.F. attenuators. The output in the form of an audio frequency is applied to 
a meter circuit and to headphones. 


Special features are the high sensitivity (1 microvolt up to 10 Mc/s), wide 
attenuator range (120 db), high accuracy of attenuation (0-1 db overall on L.F. 
attenuator), high selectivity, low noise level and continuous coverage over the 
whole frequency range. 


Frequency range: 30 ke/s—30 Mc/s in 7 ranges. 


Amplitude range: 30 kc/s-10 Mc/s. 1 mV. to 120 db above 1 nV. 
10 Mc/s—20 Mc/s. 2 wV. to 120 db above 2 uV. 
20 Mc/s-30 Mc/s. 4 yV. to 120 db above 4 uV. 


Harmonic Measurement: 2nd harmonics 70 db down and 3rd harmonics 
; 90 db down can be measured. 


Selectivity: 3 kc/s bandwidth. It can be employed 
Attenuators: R.F. Attenuator 0-60 db in 20 db stéps. (a) To measure insertion gain and loss. 

L.F. Attenuator 0-60 db in 10db steps and a (b) To measure field strength and interference. 

10 db variable attenuator. (c) For harmonic analysis. 

(d) As a selective Voltmeter. 

Input Impedance: 75 ohms. A high input impedance probe unit is (e) As a Bridge Detector. ! 

also provided. (f) As a Heterodyne Wavemeter. 

Full details of this or any other Airmec products will be forwarded gladly upon request. => ; = 

AIRMEC HIGH WYCOMBE > BUCKINGHAMSHIRE |... ENGLAND 
EM TE. Dp . _Telephone: High Wycombe 2060 Cablics™ eae High Wycombe, 


j 


oo 
y 8 


@ PERMALLOY ‘C’ for highest initial permeability, 
useful for wide-band frequency transformers, current 
transformers, chokes, relays and magnetic shielding. 


@ PERMALLOY ‘B’ has lower initial permeability than 
Permalloy ‘C’ but higher values of flux density. Suitable 
where high permeability to alternating field is required 
superimposed upon a steady polarising field. 


@ PERMALLOY ‘D7’ for very high resistivity without 
undue lowering of the maximum flux density. Variation 
of permeability with frequency is small. Ideal for H.F. 
applications. 


@ PERMALLOY ‘F’ for high flux density, very rect- 
angular hysteresis loop, with a retentivity of at least 95% 
of its saturation value and low coercive force. Ideal for 
saturable reactors, magnetic amplifiers, digital computors, 
memory devices, etc. 


@ V-PERMENDUR for high permeability with a very 
high value of maximum flux density. Finds special 
application for use as high quality receiver diaphragms, 
also motor generators and servo-mechanisms in aircraft 
where weight and volume are important factors. 
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good magnetic 
characteristics 


THOROUGH 
MECHANICAL 
INSPECTION 


Standard maintains its established leadership 
in the manufacture of high permeability mag- 
netic alloys by constant vigilance in the control of 
each and every production process, one of which is 
illustrated here. Produced by a Company which has 
the unique advantage of being a large-scale user of 
its own magnetic materials, a long experience of the 
applications of these materials gives full appreciation 
of the properties essential for uniform electrical 
characteristics and stable performance. 

It will pay you to investigate the capabilities of 
Standard magnetic alloys with relation to your specific 


requirements. 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, W.C.2 
TELEPHONE LINE DIVISION: North Woolwich, London, E.16 
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cooling in confined spaces x 
ONE OF THE SMALLEST AXIAL FLOW FANS EVER PRODUCED 


The cooling of valves and other electronic apparatus in 
strictly limited space is successfully accomplished with this 
22” 9 oz. single stage fan. Designed with flange or clip 
mounting made to fit into any apparatus. 

‘*. . highly successful, keeping the temperature well 
below permissible limits. The rate of air flow gives a 
complete change 20 times a minute,’’ wrote Messrs. Kelvin 
& Hughes Ltd., who incorporate a Plannair blower in the 
marine radar set shown 
below. 


PLANNAIR 


Courtesy of Messrs. REGISTERED TRADE MARK 


Kelvin & Hughes Ltd. 


high efficiency axial flow fa 


Plannair also supply wafters which create air disturbance and also extré 
the air from electronic equipment. 


PLANNAIR LTD., WINDFIELD HOUSE, LEATHERHEAD, SURRI 


Tel.: Leatherhead 4091/2231 (5 lines) GOBLIN WORKS, LEATHERHEAD, SURR 


RELAYS ~ aN 


A Relay of noteworthy dimensions, 
designed in size and performance to suit 
present-day electronic equipment. The 
new 2400 Relay is available with twin 
light duty or single heavy duty contacts. 
When fitted with a 10,000 ohm coil, the 
pull-in is approximately 4 milliamperes ; 
contact pressure and clearance have not 
been sacrificed to achieve this sensitivity. 


DIMENSIONS: Above chassis 24” high 
x I” wide x 13” deep. 


WEIGHT: 4} ounces. y 
Telephone: Newmarket 3181 -2-3 


Magnetic, Newmarket 


MAGNETIC DEVICES LTD 


EXNING ROAD, NEWMARKET MO 3A 


Telegrams: 
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Take a diesel engine and an alternator, bolt them down to a bedplate, couple them together 
| and supply some switchgear. There you have a generating plant. Good enough for some jobs, 
perhaps, but not for the kind of job Austinlite plant is designed to do. 


To see the difference you have to look closely. At the solid steel bearing housings with their 

special high speed bearings ; at the patented bearing wear detection system ; at the subsidiary 
emergency bearings which only come into play in the very unlikely event of main bearing 
failure; at the electrical equipment specially ‘tropicalised’ by methods developed as a 
result of much experience in the supply of plant designed to operate dependably in 
hot, humid climates. 


Tt is detail of this kind which accounts for the high reputation of Austinlite wherever 
_ reliability is an essential. That, and one thing more ; Austinlite engineers always enjoy tackling 
the jobs other people cannot fit. Because, although we make many standard types of 
generating plant, made-to-measure plant is our forte. ; 


R —hustialite AUTOMATIC GENERATING PLANT 


. Tailor-made by STONE-CHANGE LTD. 


The Makers of Sumo Pumps & Stone-Chance Lighthouses) LIGHTHOUSE WORKS, SMETITWICK 40, BIRMINGHAM 


ay 
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ZENITH 


(REGD, TRADE-MARK) 


TUBULAR SLIDING 
RESISTANCES 


Zenith 
of proved durability 


Resistances 


are in constant satis- 
factory use in all 
parts of the world. 
They are available in 
a great variety of 
types and sizes, and 
are ideal for use in 
laboratories and test 


rooms. 


Illustrated catalogue of all 
types free on request 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, . WILLESDEN GREEN 
LONDON, N.W.2 
Telephone: WILlesden 6581-5 Telegrams: Voltaohm, Norphone, London 


MANUFACTURERS OF ELECTRICAL _ ENGINEERING PRODUCTS 
INCLUDING RADIO AND TELEVISION COMPONENTS 


THE 
PROFESSIONAL ENGINEERS 


APPOINTMENTS BUREAU 


Incorporated under Limited Guarantee, 1947 
Licensed annually by the London County Council 


9, Victoria Street, London, S.W.| 


The Bureau invites applications for registration for em- 
ployment from members who, by reason of their engineering 
qualifications, belong to The Institution of Civil Engineers, 
The Institution of Mechanical Engineers, or The Institution 
of Electrical Engineers or persons whose engineering quali- 
fications for election or admission to one of those Bodies 
have been approved by the respective Councils. The 
necessary forms may be obtained on application to the 
Registrar of the Bureau; a stamped addressed foolscap 
envelope should be enclosed. 


Employers of Professional Engineers are invited to notify 
vacancies, and to assist the Bureau by furnishing the 
following particulars: 


1. Title of post with description of duties. 

2. Age range. This should be made as wide as possible, and it should 
be noted that there are many experienced applicants in the upper 
age groups. 

. Salary, and any supplementary remuneration. 

. Professional, technical and special qualifications such as foreign 
languages. 

5. Location of work. Notifications of vacancies in the Dominions are 
especially welcome. 

. Could a successful candidate be assisted in finding suitable living 
accommodation locally ? 

- Does the post involve the control of staff? If so, how many tech- 
nicians and/or other workers? 

. Any other information which will assist in the selection of candidates. 
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LIGHTWEIGHT 
ELECTRICAL 
EQUIPMENT 


Our manufactures include: 


Aircraft Generators and 
Motors 
Automatic Voltage Regu- 
lators 


Rotary Transformers 
High Frequency Alternators 
H.T. D.C. Generators 

The illustration shows a small 


high-speed fractional _—_H.P. 
motor and miniature Rotary 


Transformers for ‘‘Walkie 
Talkie’? and other RADIO 
applications. 


NEWTON BROTHERS 
(DERBY) LTD. 


HEAD OFFICE & WORKS: ALFRETON 
TELEPHONE: DERBY 47676 (3 LINES) TELEGRAMS 
LONOCN OFFICE: IMPERIAL 3UILDINGS, 56 


ROAD, 
DYNAMO 
KINGSWAY 


DERBY 
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PLASKLIP secures cables 


Quicker, Simpler, Safer 


The Plasklip has the ad- 
vantage of being non- 
metallic and impervious to 
tropical conditions, it is the 
answer to all cable securing 
problems in electrical 
equipment. Made of strong 
non-magnetic high di- 
electric material it will 
outlast the cables or 
components it secures. 


that can’t come out! 


Easy to fix Safe in use 
Saves time 
The Insuloid Bush is 
instantly fixed by a simple 
finger action, and yet it 
provides complete 
security when assembled. 
High dielectric. Fully 

&, tropical. 


The PLASKLIP and BUSH are approved by all services 


Samples and literature available on request 


INSULOID MANUFACTURING COMPANY LIMITED 


Sharston Works, Leaston Ave., Wythenshawe, Manchester, 
Tel,; Wythenshawe 2842 
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Both for studio and outside broadcasting of tele- 
vision programmes Marconi equipment is required 
at every stage of production and transmission. 
Cameras, Picture and Waveform Monitors, Vision 
Mixers, Telecine Equipment where film sequences 
are included, Microwave Links, Transmitters and 
Aerial must all be matched as components of a 
completely integrated system with a designed per- 
formance. The long experience and advanced 
technical knowledge of the Company’s Broadcast- 
ing Division are at the disposal of all who are 
responsible for television, throughout the world. 
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Marconi Complete 
TELEVISION 
SYSTEMS 
from Camera 
to Aerial 


ae een 4 


Shown above is the Marconi 


Mk, III Camera for 43” or 3” 


is a typical Marconi 
Television Aerial 


array. 
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Marconi Television Equipment 1s installed in every one of the B.B.C.’s Television 
stations and has been supplied to countries in North and South America, Europe 
and Asia. Compatible colour television was first demonstrated in Britain by Marconi’s. 


Lifeline of communication 


MARCONI 


Complete Broadcasting and Television Systems 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 


Partners in progress with the ‘ENGLISH ELECTRIC’ Company Limited 


LBS 


LE.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


I.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS ( xxxviii ) 


DF 


FOR 


Quartz Crystals 


Prompt Delivery, all types, 2,000—20,000 kc]s 


When ordering 10X replacements, why not use our hermetically sealed Type 2XL? 


CATHODEON CRYSTALS LIMITED 


LINTON - CAMBRIDGESHIRE Telephone LINTON 223 
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~ EWo4 Germanium Junction Power Diode 


NOW AVAILABLE TO 
ELECTRONIC EQUIPMENT MANUFACTURERS 


The EW54 p-n junction germanium diode is intended for use in recti- 
‘fier circuits at medium voltage and current. The diode is hermetically 
sealed in a copper container. This is particularly important because of - 
the deleterious effects of moisture on germanium devices. 


The main features of this type of diode are The diode is of value in applications requiring 
high rectification efficiency and small size; the Outputs up to the order of 20A at voltages up 
former results primarily from the very low to 50 (at 20°C), using a full-wave bridge 
forward resistance of the diode. _ arrangement. 


For a typical diode, at an 
ambient temperature of 20°C: 


Current at +0.5V=8A 
at —l100V=6mA 


Other recent G.E.C. Semi- 
Conductors are the 


EW53 EW58 EW59 


EW54 actual size 


Details of all the above devices may be obtained from 


THE OSRAM VALVE AND ELECTRONICS DEPARTMENT 


- 'THE- GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2 
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APPLICATIONS CLslimited 


The Constant-Bandwidth Solarscope CD.514 BRIEF SPECIFICATION OF THE CONSTANT-BANDWIDTH CD. 514 


has surprised everybody except us. It has “Y” Sensitivity: 30 mV/cm to 30 V/cm from 5 c/s to 9 Mc/s (3 db) 


P : . “Y” Calibration: 50 cycle sine-wave, 100 mV, | V, 10 Vand 100 V 
attracted outstanding attention at the Physical Input Impedance: | Megohm in parallel with less than 30 pF 
Society and Instrument Industries Exhibitions, “X” Amplifier 

Bandwidth: |.5 c/s to 900 Kc/s (3 db) 


and the volume of orders already received “X”’ Expansion: 0.5 to 5 diameters 


indicates its immense field of applications. Time Calibration: 0.1 microsec., | microsec. & 10 microsec. markers 
: noes a T.B. Frequency: 15 c/s to 300 Kce/s. 
The CD.514’s high sensitivity and ability TB. Teibier a / 
to display full screen pictures at the higher Sensitivity: Iv. R.M.S., minimum 


Other Features: 
Post-deflection-acceleration tube giving brighter trace. 
low price of £105, has established for itself an Direct access to tube deflection plates. 


, , ; : IIluminated graticule, adjustable stand. 
undisputed lead over all competitors. If you’ve Takes standard camiers artcche aia 
missed out on it so far, get in touch with us now. Weight: 40 lbs. Size: 124” x 82” x 16%” deep overall 


frequencies, coupled with its remarkably 


THRE SOLARPROM BELEGCFRONIGC GROUP LTD. 


RELIABILITY— UNDER OUR Thames Ditton, Surrey 
12 MONTHS’ GUARANTEE COSTS Telephone: EMBerbrook 5611 
HAVE NEVER EXCEEDED 0.2% OF SALES Cables: Solartron, Thames Ditton 
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SUMMARY 

Four tubes are described which have been developed for use primarily 
bright radar display systems. Two of the tubes are full-storage 
2vision camera tubes in which sufficient charge is stored to enable 
iny reading scans to be performed before the charge is consumed. In 
other two tubes a charge pattern-is used to modulate an electron 
am, the charge pattern itself remaining unchanged in the process. 
the two former tubes and in one of the latter, the information to be 
red must be supplied in the form of an optical image. In the 
irth tube it must be supplied as an electrical signal. 

Continuous reading times ranging from a few seconds to several 
urs have been achieved. Resolutions of up to 700 spots per picture 
meter are also reported. With some of the tubes, the erasure rates 
- readily controllable over a wide range. 


(1) INTRODUCTION 


Storage tubes are comparatively recent newcomers to the range 
electronic devices, but they are rapidly finding application in 
iny fields, including radar, computation and medicine and also 
research tools. These tubes owe much of the knowledge used 
their design to the research on television camera tubes, which 
the past quarter of a century has contributed a great deal to 
rh-vacuum electronics.!»2;3 
The tubes to be described have been given the C.V.D. designa- 
ns VCRX343, 360, 326 and 350 (see Fig. 13). They were 
veloped for use in radar display, and were designed to store 
lf-tone pictures, giving long storage times with continuous 
ding. 

(2) GENERAL 
in all the tubes to be described the information is stored in the 
m of a charge pattern on an insulating or semi-conducting 
face. The information is written in, read out, and erased by 
ans of electron beams, photo-emission or photo-conduction. 
e electron beams may be generated either by an electron gun 
d scanned by conventional means, or by scanning a light spot 
the appropriate raster over an extensive photo-cathode. 
[he type of tube and its precise specification depend greatly on 
- application for which it is to be used. However, certain 
tors are common to all types of tube. Spurious signals, such 
shading and background imperfections, must always be 
ficiently small not to be confused with stored information, or 
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to degrade the quality of the stored information appreciably. 
The output signal must also be large enough to be distinguishable 
from random noise. The resolution of the tube must be sufficient 
to store all the information supplied to it and to give out this 
information at a later time, with an acceptable amount of degra- 
dation. The tube should also be able to record information at 
the highest rate at which it may be supplied. 

Generally, in picture storage tubes, it is desirable to be able 
to control over a wide range the time for which a picture can be 
read, the limits being fixed by the particular application. This 
time may vary from =sec to 3 hours. The transfer charac- 
teristic should usually be as linear as possible, and often a linear 
integration range is also required. The geometry of the repro- 
duced picture should be close to that of the original. Other 
properties, such as absence of coupling between input and output, 
and ability to write and read simultaneously with asynchronous 
scanning systems, may also be of importance. 


(3) TUBES OPERATING WITH CHARGE RESTORATION 
(3.1) Thin-Target C.P.S. Emitron Type VCRX343 
(3.1.1) General. 

A multiplier orthicon using a special thin target was first 
described by Forgue! for long-term storage. A C.P.S. Emitron? 
with a similar target was later developed by the authors for use 
in a bright p.p.i. display system. A block schematic of the 
system is shown in Fig. 1. The lag normally associated with the 
afterglow phosphor was incorporated in the scan convertor 
tube.!-4 

The tube is now superseded in this application, but it is 
described briefly because information discovered during the 
development influenced subsequent work. 


(3.1.2) Description. F 

The basic C.P.S. Emitron has been described fully elsewhere.” 
For this application, the capacity of the target was increased by 
a factor of 16 over that of the standard C.P.S. Emitron. This 
was done by using a disc of mica 0-000 2-0-0003 in thick, and 
probably this still represents the practical limit with photo- 
emissive tubes. On this target a charge image of the information 
to be stored was formed by means of a cathode-ray-tube lens 
system, the phosphor and photo-emitter being matched for 
colour characteristics. 
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Fig. 1.—Block schematic of storage-tube radar display system. 
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The basic system of Fig. 1 was utilized to test the tubes, using 
the standard British television frequencies in the reading channel. 
The reading time was found to be 8sec when starting with an 
initial signal/noise ratio of 12 dB, and with this time the limiting 
resolution was about 400 lines (television standard).* 

These values were obtained due to a variety of reasons. In 
the first place, the amplifier was of comparatively early design. 
Using a modern type of amplifier,> a reading time of about 15sec 
with an initial signal/noise ratio of 24dB and some improvement 
in resolution are to be expected. In addition, advances are 
currently being made in the focusing and scanning arrangements 
of the standard C.P.S. Emitron, and these are applicable to types 
VCRX343, 350, and 360. 

In order to obtain the maximum possible reading time, the 
beam current of type VCRX343 was reduced to the limit set by 
an acceptable output signal/noise ratio. Also a larger voltage 
swing was permitted on the mosaic, and the cathode-ray tube was 
driven harder than is-the usual practice. Each of these factors 
contributed to a loss of resolution. It was clear that, with light- 
- operated charge-restoration tubes, improvements could only be 
obtained by developing some new type with a considerably 
increased capacity in order to reduce the voltage swing and 
hence the defocusing of the reading beam. Also a higher light 
sensitivity was required to avoid over-driving the cathode-ray 
tube. It was desirable that the tube should be stable with respect 
to repetitive excitation arising from permanent echoes. 

Furthermore, the use of a photo-emitter is undesirable on two 
accounts. The effective light sensitivity was found to be lower 
for the small illuminated areas which were of primary interest 
than for the larger areas. This effect, known as coplanar biasing, 
is illustrated in Fig. 2, in which the potentials of two illuminated 
areas of differing size were measured as a function of exposure, 
using the electron beam as a probe. Also, spurious signals 
resulted from the emission of photo-electrons. This effect was 
first reported by Forgue.! It was found possible to reduce the 
spurious signals to negligible proportions by the use of a cathode- 
ray-tube phosphor with an afterglow of some 50 millisec. Com- 
plete cancellation was obtained by using a subsidiary photocell 
on which a proportion of the emitted light was incident. ! 

It will be seen later that the photo-conductive tube type 


* Where figures for resolution are given in the paper, they refer to ‘‘television lines,’’ 
i.e. the number of equally wide, vertical, black and white lines over the whole width 
Me the target. For example, a resolution of 400 lines refers to 200 white and 200 black 

ines, 
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EXPOSURE, ARBITRARY UNITS 


Fig. 2.—Target voltage as function of exposure for areas of differen 
sizes in VCRX343. 


(a) Circular area one-twelfth of mosaic diameter. 
(6) Circular area one-hundredth of mosaic diameter. 
Mosaic coverage: 60% 


VCRX360 had all the required properties. With the beam 
modulation tube type VCRX350, in which electron beams are 
used for writing, means were devised to minimize the spuriou: 
signals, and coplanar biasing was used to advantage to produce 
stability. 


(3.2) Photo-Conductive Storage Tube Type VCRX360 
(3.2.1) General. 

As described in Section 3.1.1, a tube working on the charge 
restoration principle should have as high a sensitivity anc 
target capacitance as possible. A number of photo-conductive 
materials have a high apparent quantum efficiency, approachin; 
unity and sometimes even exceeding it. Moreover, efficien 
photo-conductive target layers can, in general, be made ver} 
thin. This, together with a high dielectric constant, results it 
a target of high capacitance. Therefore, development wai 
started on the photo-conductive storage tube type VCRX360. 


(3.2.2) Description. 


The tube is of the low-velocity scanning-beam type* and i 
shown diagrammatically in Fig. 3. The signal plate 6 is a semi 


. Fig. 3.—Photo-conductive storage tube type VCRX360. 


. Glass envelope. 8. Focus coil. 

. Electron gun. 9, Scanning coils. 

. Metallized wall anode. 10. Alignment coils. 

. Ion-trap mesh. 11. Signal resistor. 

. Target. 12. Head amplifier. 

. Signal plate. 13. Front-wall anode. 
. Signal-plate surround. 


NAUNRWNE 


transparent conducting coating of tin oxide, applied to the inside 
surface of the end window. It is surrounded by a metallizec 
layer, 7, held at the potential of the gun cathode.’ The photo 
conductive layer, 5, is then deposited over the whole of the ent 
window, covering both signal plate and surround. Without th 
metal surround, the unscanned area of the target gradually leak: 
to the potential of the signal plate, and thus a non-uniform 
potential distribution in the plane of the target is set up, causin{ 
geometric distortion. The scanned area of the target i 
lin x lin. The target layer consists of antimony trisulphid 


. - 
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leposited on the signal plate by evaporation from two channels 
nounted on a metal frame which carries an ion-trap mesh, 4. 
The frame is connected to the front part of the wall electrode 
nd also to a contact on the window. The rear portion of the 
vall electrode, 3, is connected to the pinch. The front portion is 
lecoupled to earth by an external capacitor and resistor. It has 
yeen found’ that in this arrangement the ion-trap mesh acts as 
in, ‘electrostatic screen for the signal plate and eliminates any 
yick-up on the latter of the large pulses produced by the line- 
eturn transients in the scanning coils, 9. This becomes essential 
vhere line-by-line clamping of the black level is to be carried 
ut, because in this arrangement the signal during line-return 
imes is used as the reference black level. 

In operation, the signal plate is held at a potential of about 
—10 volts positive with respect to the gun cathode, while the 
arget surface is stabilized at cathode potential by the electron 
eam. Thus a potential difference is established across the 
arget layer.? The target thickness is about 0-S5micron, and 
he potential gradient across the layer is thus approximately 
00kV/cm. Under illumination the target conductivity increases 
md the potential of the scanned surface rises towards that of 
he signal plate. In scanning, the target potential is restored 
owards cathode potential, and thus a signal is developed in the 
ignal plate circuit. 


3.2.3) Mechanism of Signal Generation and Lag. 


The target surface P (Fig. 4) has a capacitance C to the 
ignal plate S. In parallel with C is the resistance R of the 


) 


’ 


=O 


Fig. 4.—Equivalent circuit of target of VCRX360. 


arget material, which varies as a function of the light falling on 
. In the type VCRX360, the time-constant of the layer RC is 
lways large compared with the frame time of =';sec.* 


3.2.3.1) Capacitance Lag. 


Of the total beam current J, approaching the target only a 
faction i, is able to land, the remainder returning towards the 
un. The current i, is a function of the target potential. 

Let v be the target potential, and Q its charge. 


‘hen i, = f(v) (1) 
nd the charge deposited on the target is 

év 1 
ere f@) ~ aot Re geo eT ede (2) 


‘If the target is discharged from a starting potential vp to a 
otential v; during a time T 


oT a 

dv 1 c 
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ea vo 0 


* In later equipment (see Section 3.2.9) the frame time was increased to + sec. 
his had no apparent effect on the mechanism of decay. 
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b 
stant T/C = 0-4volt/uA for T = 3ssec = 1 frame. 
First signal S; = 0:'4uA. 
Second signal S» = 0-22yA after 1 frame. 
Third signal S3 = 0-15 vA after 2 frames. 


12 uA after 3 frames. 


Fourth signal S,= 
= 0:031 uA after 14 frames. 


Fifteenth signal S;5 e 

The beam acceptance curve i, = f(v) was measured in special 
tubes with conducting targets by Dr. Meltzer and Mr. Holmes. 
Fig. 5 shows 1/i, = 1/f(v), the reciprocal of the beam acceptance 
curve. Using eqn. (3), the discharge characteristic of the tube 
can be constructed. Starting from a potential Vp) at time T = 0, 
the target potential v, at time T is found by numerical integration, 
so that the area under the 1/f(v) curve just equals T/C. When 
the illumination is cut off, the signal strength should diminish 
quickly at first and then more slowly, until it eventually drops 
below noise level. With a target thickness of 0:5 micron and a 
dielectric constant of 10 for antimony trisulphide the capacitance 
of a target of area lin? is about C=10-7F. For a frame 
time T = sssec the quantity 7/C =0:4V/uA. The discharge 
curve based on these values and on the beam acceptance curve 
is shown in Fig. 6, curve (a). The initial signal current was 
chosen to be 0:4 uA, the reciprocal of which is 2:5. This value 
was taken as the starting-point on the curve shown in Fig. 5. 
An area 7/C was then marked out under the curve, so posi- 
tioned that the ordinate 2:5 represented the average height 
of the area. The whole ‘discharge curve was then constructed 
step by step by marking out equal areas 7/C under the curve, 
adjacent to each other and progressing from right to left. The 
signals were the reciprocals of the average heights of the respective 
areas. As the lag arising from the discharge process is coupled 
with the target capacitance, it is generally called capacitance lag. 


(3.2.3.2) Photo-Conductive Lag. 


A second type of lag encountered in the tube is due to the 
persistence of the photo-conductive effect. When the illumina- 
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tion is interrupted, the photo-current does not cease immediately 
but decays over a period of time which may be considerable. 
The photo-conductive lag diminishes with increasing intensity of 
illumination. 

The operation of the tube appears to depend to a large degree 
on the photo-conductive lag. This can be seen in Fig. 6, 


SIGNAL CURRENT, “4A 
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Fig. 6.—Target discharge curves of type VCRX360. 


(a) Calculated from target capacitance on basis of measured beam-acceptance curve. 
(b) and (c) Measured at low light level. 
(d) Measured at high light level. 


—--- Noise level. 


curves (b) and (c), which were actually measured in a typical 
VCRX360. They were obtained by scanning the tube under 
illumination until a signal had been built up, covering the lens 
and scanning the tube in the dark. The time 7 = 0 corresponds 
to the instant when the lens was covered up. The curve shows 
that the observed lag is considerably longer than that expected 
on the basis of pure capacitance lag. Curve (d) shows the lag 
obtained from the same tube with a much higher illumination. 
The reduction in lag is clearly visible. 

The effect of photo-conductive lag can also be shown by the 
following experiment. A signal is built up by scanning the 
target under illumination as described above. During the sub- 
sequent lag measurements in the dark the beam is then cut off 
for short periods. The signals obtained immediately after the 
cut-off periods are stronger than those obtained before cutting 
off the beam, and decay quickly to the values of the continuous 
scanning curve. The rise in signal is due to the persistence of 
the photo-current, which, in the absence of the scanning beam, 
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causes the target potential to rise. The quick decay of th 
increased signals can be explained by assuming that the discharg) 
follows the pure capacitance curve. 

Confirmation was obtained by the following experiment. Thx 
target was scanned in the dark until equilibrium had beei 
established. Then the gun cathode was switched negatively b: 
such an amount that again the same signal was establishec 
initially and the decay of this signal was observed. The deca) 
was much faster and closely approached the capacitance lag. 

As can be seen from Fig. 6, the stored information can bt 
read with good signal strength for well over a minute. Wher 
enough light is available the signal/noise ratio can be made ver 
high indeed, and ratios of over 60dB are readily obtained. Ii 
some tubes exceptionally high reading times of 10 min and mon 
have been observed. They are not yet fully understood but ar 
almost certainly due to abnormal photo-conductive lag. | 

The lag can be reduced considerably by superimposing a steady 
illumination over the whole of the target. This has two effects 
The target is stabilized at a more positive potential, at which the 
discharging power of the beam is greater.! It also serves tc 
decrease the photo-conductive lag. Thus, by arranging a variable 
diffuse light source in the camera between the lens and the tube 
the reading time can be continuously varied over a range o} 
more than 3: 1. 

Much larger ratios have so far proved impracticable because 
variations both of the thickness of the target layer and of the 
landing velocities of the scanning beam begin to cause shading 
in the picture at excessive levels of illumination. Hence it was 
found better to control the processing of the tubes so that the 
correct order of storage time for any specific application was 
obtained, using the bias lighting merely for fine control within the 
limits mentioned above. 


(3.2.3.3) Build-up Lag. 


A third type of lag encountered in this tube is the build-ur 
lag. At the onset of illumination, the discharging power of the 
beam is small so that the target potential rises faster than the 
beam can discharge it, and the signal builds up gradually. 
Equilibrium is reached when the target surface has risen to 2 
potential at which the charge lost by photo-conduction is equa! 
to the charge accepted from the beam. The higher the target 
capacitance the longer is the build-up lag. For the thin target 
layers used in the type VCR X360, the build-up lag can amount tc 
several seconds at low levels of illumination, but it is shorter at 
higher intensities. 


(3.2.4) Temperature Dependence. 


At room temperature and in the absence of light the targe' 
layer is a very good insulator and can hold a recorded chargé 
for about 30min without reading. Owing to the high negative 
temperature coefficient of resistance, however, the holding timé 
decreases to less than 15min at 50° C (approximately). 


(3.2.5) Light-Transfer Characteristic. 

The relationship between the illumination on the antimony: 
trisulphide target and the output signal derived from the tube is. 
with few exceptions, not linear. It follows a power law of the 
form S = IY where S is the signal, J the target illumination an¢ 
y is a parameter. For the antimony-trisulphide target y i 
0-6-0:7 at levels of illumination on the target up to about 
0-5ft-candle. Above this value, y usually decreases, and a 
very high levels of illumination may be as low as 0:35. This 
means that the tube is tolerant to great overloads of light. A 
typical transfer characteristic is shown in Fig. 7. 


(3.2.6) Sensitivity. 
The operating sensitivity of the tube depends on a n 
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ctors which make it impossible to define the sensitivity without 
ferring to the operating conditions. First, over the normal 
orking range, the sensitivity is proportional to the potential 
ifference across the target layer. Moreover, owing to the fact 
at y is less than unity (see Section 3.2.5) the signal rises less 
an proportionally with the illumination. In other words, the 
ensitivity in microamperes per lumen decreases with increasing 
llumination. Furthermore, as shown in Section 3.2.3, the signal 
es a considerable number of frames to build up to its equili- 
rium value. Thus, with a short flash of light, as in a radar 
isplay, the full sensitivity of which the target is capable under 
teady illumination will not be reached. Finally, owing to the 
g of the photo-conductive effect, a very short light pulse is 
robably less efficient than the same amount of light energy 
pread over a longer time. Thus the good performance obtained 
with the VCRX360 in a radar display can probably be attributed 
n part to the short afterglow, of the order of a fraction of a 
cond, exhibited by the phosphor used in the writing cathode- 
‘ay tube. 

_ Hence the sensitivity of the tube is referred to a steady illumina- 
ion of 10—*ft-candle on the target and a signal plate voltage 
wf 10 volts. Under these conditions, the sensitivities are of the 
yrder of 900 uA/lumen while occasionally sensitivities as high as 
3000 uA/lumen have been obtained. Limits are set to the 
joltage across the target by electrical breakdown of the layer, 
which shows up as white spots in the picture, and by shading due 
O excessive non-uniform dark current through the layer. 


3.2.7) Resolution. 

The high target capacitance of the tube results in small voltage 
xcursions, and little defocusing of the beam occurs. The 
seneration of the stored pattern does not involve the emission 
af electrons from the storage surface. Therefore the biasing 
iction described in Section 3.1.2 cannot take place. Thus two 
imitations of the VCRX343 have been overcome, and in fact a 


imiting resolution of 2000 lines on the target has been obtained.. 


The modulation at 400 lines is 85°%% without aperture correction. 


3, 2.8) Colour Response. 

>The colour response of the target is approximately panchro- 
natic with a peak in the yellow-green region, the relative red 
esponse being somewhat higher than that of the eye. The best 
matching phosphors for the writing cathode-ray tube are a green 
inc sulphide and willemite. This was found by focusing the 
‘creen of a 12-patch cathode-ray tube on the target of the 
VCRX360 and measuring the signals from the 12 different 
Shosphors. 


3.2.9) Writing Pulse. 

As the charging of the target by the light is internal to the 
arget layer, no external write-on pulse is produced. Hence the 
Js) i 
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tube can be used for simultaneous writing and reading of pulsed 
information such as p.p.i. displays. This is a considerable 
advantage over storage tubes where the writing is done by 
external electrons as by photo-emission or bombardment with a 
writing beam. 


(3.2.10) Operation in Radar System. 

As the tube was capable of very high resolution, the bandwidth 
of the amplifying chain was raised to 84Mc/s with a linear 
transfer characteristic. The head amplifier used had an equiva- 
lent noise-current input of 0:004yA. Although better figures 
are possible,> the additional complexities involved were not 
considered to be worth while, because the initial signal/noise 
ratio achieved was already very satisfactory. 

The number of lines in the raster was increased to 1001, ata 
field rate of 25 per second, with a 2:1 interlace. The final 
display cathode-ray tube had a willemite phosphor reducing 
flicker from the low field rate to negligible proportions. 

The stored picture was to be a radar p.p.i. display. The 
circular area of the p.p.i. raster was arranged to fill the screen 
of the display tube completely in order to make full use of its 
potential resolution, the square television raster being described 
about this circle. The picture was kept black in the area not 
displayed in order to avoid troublesome flare at the edge of the 
screen, caused by overscanning, 

In order to write the radar information, which occurs as 
electrical signals, into the VCRX360, a cathode-ray-tube system 
similar to that used for the VCRX343 was adopted. The great 
sensitivity of the photo-conductor reduced the demands for 
light output from the cathode-ray tube, thus giving a smaller 
spot and greater tube life. The phosphor used was willemite. 
Light bias was provided, when required, by four 2-watt bulbs 
situated between the lens and the VCRX360. The lens used was 
of 2in focal length and was operated at an aperture of f2. This 
lens was specially selected after tests had shown that one of 
normal good quality had caused a noticeable degradation of 
picture quality. 


(3.2.11) System Performance. 

(a) Storage Time.—Storage times were adequate, the maximum 
obtainable varying somewhat from tube to tube in the range 
1-10min. As shorter storage times are also required, some tubes 
have been made with maximum storage times of about 10sec. 
Light bias had the effect mentioned in Section 3.2.3. 

(b) Resolution.—The storage tube itself is capable of resolving 
at least 1600, and usually 2.000, lines in the centre of the picture. 
The cathode-ray tube used can resolve at least 1 200 lines, and, 
in the centre, over 1600 lines. The lens used is capable of 
resolving at least 3000 lines over the whole field. It was there- 
fore to be expected that the combined cathode-ray-tube and 
storage-tube system would be capable of resolving over 1 000 lines 
in the centre of the picture. When making resolution tests, the 
reading scan was reduced in size, thus reducing the speed of the 
scanning spot and hence eliminating any limitations introduced 
by amplifier bandwidth and display cathode-ray-tube spot size. 

By visual estimation a limiting resolution for the system of 
approximately 700 lines was actually achieved over most of the 
target area. The apparent discrepancy may be due to either or 
both of two causes. First, the focusing procedure is rather 
intricate, three separate items requiring adjustment. Secondly, 
the overall test was made using fine single spots, whereas the 
tests on individual components were made using bar systems, 
which give the eye a much better chance to resolve fine structure. 

(c) General_—The overall appearance of the picture is quite 
clean, shading not being obtrusive, and a high proportion even 
of experimentally produced tubes show only a few spots. The 
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storage time gives a lag roughly equal to that of the average 
fluoride cathode-ray tube; but using a 16kV white or green tube 
in the final display, the picture is visible in a room quite brightly 
lit, even with the tube face towards the window. The 1 001-line 
raster, although noticeable, is not obnoxious, and does not appear 
to degrade the picture. 

It is believed that the main agent in the limitation of resolution 
is the writing cathode-ray tube. Efforts are currently in hand to 
improve the resolution of the system so that the overall results 
are not inferior to those of a simple directly-viewed cathode-ray 
tube. These include using a larger storage-surface area and 
raising the final anode potential on the writing-on cathode-ray 
tube. 

The transfer characteristic of the complete system is somewhat 
complex, as the writing cathode-ray tube has a value of y of 
about 2, and the storage tube one of about 0:6. Therefore, 
unless black levels are held to a fixed value, and only one writing- 
on operation is performed at each spot, the overall value of y can 
vary quite widely according to the nature of the method of 
measurement. If black, is equivalent to zero signal, the overall 
response is approximately linear. 


(4) TUBES OPERATING WITH BEAM MODULATION 


(4.1) General 


An approach alternative to the charge-restoration principle 
was to utilize a small charge to control an electron beam without 
the charge itself being destroyed in the process. A variety of 
television camera tubes had already been proposed using this 
principle to enhance light sensitivity.!°"! However, in modern 
television systems the sensitivities of camera tubes are beginning 
to approach the limit set by available photo-cathode materials, 
and it seems unlikely that the idea will now be pursued in this 
field. 

With storage tubes, however, the beam-modulation principle 
is finding increasing application, and descriptions of such tubes 
have already been published by various authors.3:4,12,13,14 


(4.2) Beam-Modulation Tube Type VCRX326 
(4.2.1) Description. 
A diagram of the VCRX326 is shown in Fig. 8. It contains 
. three plane-parallel electrodes, a continuous photo-cathode 1, 
an accelerating mesh 2, and a storage target 3. An enlarged 
sketch of the target is also shown in the Figure. A metal 
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Fig. 8.—Beam-modulation tube VCRX326. 


. Photo-emissive cathode. 

. Accelerating mesh. mie 
. Storage target. 

Focus coil. 

Writing and reading cathode-ray tube. 

Lens. 

. Storage mesh. 

. Insulating coating. 

. Backing plate. 

. Signal resistor. 


SOKMNIDAAAWNES 


_ 


WEBLEY, LUBSZYNSKI AND LODGE: SOME HALF-TONE CHARGE STORAGE TUBES 
4 


mesh, 7, is coated on the side facing the photo-cathode with aj 
insulating layer of calcium fluoride, 8. At a distance of 1 mm 
from the mesh is a metal backing plate, 9. An axial magneti 
field of 300 oersteds is provided by the solenoid, 4, which focuse 
electrons leaving the photo-cathode on to the storage targe 
These photo-electrons perform the functions of writing, readin 
and erasing according to the potentials applied to the thre 
electrodes. For reading, the photo-emissive cathode is illu 
minated with a small spot of light. which is scanned over ii 
surface. This is obtained by optical projection of the fluorescen 
spot of the cathode-ray tube, 5, with the lens, 6. The resultin 
beam of photo-electrons in the storage tube may also be used for 
erasing and for writing. An alternative method of writing is by 
optical projection on to the photo-cathode of an image of the 
picture to be stored. Similarly, erasure may be carried out by a 
pulsed light source. Since the tube is essentially a single-beam 
tube, only one function is possible at a time. However, as 
described later, reading and erasure may readily be alternated ata 
sufficiently high rate to be imperceptible. ' 

, 


(4.2.2) Reading and Writing. ; 
In the reading operation, electrons arriving at the target 
stabilize the insulator to a potential approximately equal to that 
of the photo-cathode (zero voltage). The mesh, 7, and backing 
plate, 9, are connected together and operated at a small positive 
potential of about +3 volts. In this condition a large ede 
of the beam electrons are drawn through the mesh 7, and a 
steady current flows in the resistor 10. 

The picture to be “‘written on’’ is applied as an optical image 
to the cathode, the potential of which is lowered to about 
—3 volts. The potential of the surface of the insulator then 
changes towards this value, the rate of change being determined 
by the intensity of illumination. By adjustment of the exposure, 
a charge image is left upon the insulator in which the pom 
range varies from zero to —3 volts. 

The cathode is returned to zero voltage, and in the subsequent 
reading operation, the current flowing in the resistor 10 is modu- 
lated by the charge pattern. High lights in the applied picture 
correspond to an insulator potential of —3 volts, which is 
sufficiently negative to reduce the signal current to zero. Low 
lights will not have affected the insulator potential, and here the 
original signal current flows. At intermediate potentials, signal 
currents between the limits stated will obtain. The range of 
insulator potentials is thus negative to the photo-cathode during 
the reading period. Accordingly, electrons originating at the 
cathode cannot land upon the insulator. 

The above method of operation produces maximum signal 
current in the low lights of the picture. Thus fluctuation noise 
current is also a maximum. With a reading raster operated at 
television frequencies, this is not of great importance, as the 
noise level of the amplifier channel is greater than the fluctuation 
noise of the signal. For some applications it may perhaps be 
undesirable, and an alternative method which inverts the polarity 
of the signals may be adopted.!4 ‘ 


(4.2.3) Erasure. 


Controlled erasure requires that the insulator potential be 
re-stabilized to its datum potential of zero voltage at any desire 
rate. Re-stabilization is a twofold operation. First, the photo: 
cathode potential is made sufficiently negative so that mor 
secondary electrons are released from the insulator than primar 
electrons arriving. With illumination incident on the photo 
cathode, the insulator potential then drifts positively until it 1 
arrested by coplanar biasing of the exposed metal mes! 
Secondly, the photo-cathode potential is returned to zero voltage, 
and the positive insulator discharges to the datum potential. 


\ 


When the reading raster is of the television type, the erasure 
hd reading operations may be conveniently alternated. During 
e line-flyback periods of the reading raster, a pulse of about 
-150 volts is applied to the photo-cathode and a variable pulse 
; the modulator of the cathode-ray tube. Thus, during these 
‘sriods erasure conditions obtain, and control of the cathode- 
[tbe brightness determines the erasure rate. 


4-2, 2,4) Positive-Ion Currents. 

| Positive ions are formed on both sides of the accelerating mesh 
luring writing, reading and erasure. Most of those formed on 
ie target side of the mesh land on the insulator and charge it 
bsitively. This action is essentially the same as that of the 
eam when erasing a charge pattern, and the ion current thus 
m its the duration for which reading may be continued. 

| The probability of an electron ionizing a gas molecule in its 
jansit across the tube is a function of the distance the electron 
javels and the potential of the accelerating mesh. To minimize 
ne probability it is desirable to make these quantities small. A 
jistance of 2cm has been chosen in this tube as a matter of 
ractical convenience. On the other hand, it is found that the 
solution of the tube decreases as the accelerating-mesh potential 
| lowered. A compromise must therefore be chosen between 
taximum reading time and resolution according to the 
pplication. 

| By lowering the mesh potential to +3 volts, the probability 
f ionization is reduced to zero.!5 In this condition the maxi- 
aum reading time is determined only by the natural leakage of 
je insulator. It has been found that this can be several days. 
| .2.5) Writing Speed. 

| Writing speed is a function of the beam current leaving the 
hoto- cathode and of the target capacitance. The beam current 
4 set by the amount of light incident on the cathode and the 
‘hoto-sensitivity. Using a 20kV cathode-ray tube with a zinc- 
xide phosphor as a source of light, an antimony-caesium 
yhoto-cathode and a wide-aperture lens, a beam current of about 
SpA may be obtained. This is sufficient to charge the 
sulator to its cut-off voltage in =4sec. 


.2.6) Performance. 


. ccelerating-mesh potential .. 
imiting resolution (writing by optical 
projection of test chart on to photo- 


200 volts 100 volts 3 volts 


800 lines 500 lines 400 lines 


Maximum reading time 15min 45min 60 hours 
Ainimum erasure time (with alter- 

,; nated reading) .. About Ssec 

initial signal/noise ratio 30dB 30dB 30dB 


(4.3) Beam-Modulation Tube Type VCRX350 


3.1) Description. 
_ By the inclusion of separate writing and reading guns in the 


VCRX350, a disadvantage of the VCRX326—namely that 
viiting and reading were necessarily sequential—has been over- 
ome. The two guns, as shown in Fig. 9, are situated in 
ine on opposite sides of the storage target. This arrangement 
Mbviates the disadvantages of oblique scanning and focusing, 
vhich are encountered in some present-day storage tubes.?-1617 
| The storage target, 1, consists of a metal mesh coated on the 
side facing the gun, 8, with an insulating layer. This surface 
S scanned by the modulated writing beam, deflected into a 
uitable raster. Secondary electrons are then released from the 
msulator in excess of the primary electrons arriving, and a 
dOsitive charge pattern results. The potential of this charge is 
imited by the field of the coplanar metal mesh, resulting in 
stability for repetitive writing. 

The reading section has been developed from the C.P.S. 
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Fig. 9.—Beam-modulation tube VCRX350. 


. Storage mesh, 0 to +4 volts. 

. Ion-trap mesh, 10 volts positive to wall anode 3. 

Wall anode, +400 to +500 volts. 

. Erasure mesh, —5 to +1000 volts. 

. Wall anode, +50 volts. 

Wall anode, +50 volts. 

. Reading gun, cathode zero voltage, anode +500 to +600 volts. 
. Writing gun, cathode —1-5 to —4kV, anode +50 volts. 

. Writing-beam interceptor. 


Emitron.? The electron beam arrives at the storage mesh at a 
uniform velocity which is nearly zero. Under the action of the 
positive charge pattern on the insulator, a variable fraction of 
the beam then passes through the interstices of the mesh and is 
collected on the erasure mesh, 4, and the wall coatings, 5 and 6, 
of the writing section. Most of the remaining beam electrons 
return to the reading gun, 7, from which signals are taken. The 
remainder are intercepted by the ion-trap mesh, 2. 

The potential of the erasure mesh, 4, controls the rate of decay 
of the stored charge, and its action is described in Section 4.3.3. 

The datum (i.e. zero signal) potential of the insulator is 
approximately that of the reading-gun cathode. Although the 
charge pattern is positive with respect to this cathode when 
reading, the insulator is shielded from the direct discharging 
action of the beam by the physical barrier of the metal storage 
mesh. 


(4.3.2) Storage Target. 

The behaviour of the tube is a function of various storage- 
target parameters described below. In order to find the optimum 
conditions, a series of tubes was made in each of which a number 
of storage targets varying in one parameter only were mounted 
side by side. 

Over the range of mesh transparencies available (30-75 %) the 
output signal/noise ratio increased approximately as the trans- 
parency. A similar variation was found in the minimum erasure 
rate. However, since the high-transparency meshes were very 
fragile, a value of 60° was adopted. 

The mesh pitch was found to have little effect upon the maxi- 
mum reading time, the signal/noise ratio and the minimum 
erasure time. To obtain good resolution, a fine-pitch mesh is 
desirable. Manufacturing difficulties increase as the pitch of a 
mesh is reduced, however, particularly if a mesh of high trans- 
parency is needed, and for these reasons a pitch of 0-0016in 
was chosen. 

The bars of the meshes used have a roughly triangular cross- 
section. On one surface of the mesh the bases of the triangles 
are exposed, and on the other the vertices. With the insulator 
applied to the surface containing the vertices, superior signal/noise 
ratio, quicker erasure rate, and a longer maximum reading time 
were obtained. 

The insulator thickness determines the capacitance of the 
storage target, and, in general, the results obtained by varying 
the thickness may be explained solely in terms of variation of the 
capacitance. Thus, as the insulator thickness is reduced the 
writing speed is also reduced, and the minimum erasure time 
and maximum reading time are increased. Using calcium 
fluoride, a thickness of 0-5 micron was found to give a writing 
speed of about 0-3microsec per picture element, a minimum 
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erasure time of about 3sec, and a maximum reading time of 
30 min for a high-definition picture. 


(4.3.3) Erasure. 

Erasure of the stored charge is carried out by the reading 
beam.!8 When the charge pattern is being read, a number of 
the electrons passing through the storage mesh are reflected on 
to the insulator, and they discharge it to its datum potential. 
The number reflected is primarily determined by the potential of 
the erasure mesh, 4. With small negative potentials, the quickest 
erasure time of about 3sec is obtained. As the mesh is made 
progressively more positive the erasure time increases, until at a 
potential of about +1000 volts, continuous reading of a high- 
definition picture for more than 30 min is possible. 

The erasure rate is also dependent upon the potential of the 
storage mesh and the quantity of stored charge. With the 
storage mesh at the potential of the reading-gun cathode, or 
slightly negative to it, the quickest erasure rate is found. 
Furthermore, small-amplitude charges decay more rapidly than 
those of large amplitude, which is advantageous when the applied 
information contains an appreciable quantity of random fluctua- 
tions or noise. However, although erasure may be complete 
after one write-read-erasure operation, so far as the reproduced 
picture is concerned, a residual charge still remains on the 
insulator. This may be examined by raising the potential of 
the storage mesh by about 4 volt, when a weak signal compared 
with the original is obtained. The importance of the weak 
residual charge depends upon the application. When a relatively 
large amount of noise is being written on to the target, the weak 
charge is masked by this noise and is of no account. When the 
information to be stored has a high signal/noise ratio, it is 
necessary to re-stabilize the insulator to its datum potential by 
depositing a uniform charge and erasing. This operation is 
required after each write-read cycle. 

With more positive potentials on the storage mesh, up to about 
4 volts, the minimum erasure time and also the maximum con- 
tinuous reading time are increased.18 The residual charge men- 
tioned above is appreciably reduced, and a storage-mesh potential 
in this range is preferable for a low-noise application. Even so, 
it may be desirable to re-stabilize the insulator after each write- 
read cycle. 

With even more positive potentials on the storage mesh, 
shading is introduced into the reproduced picture by non-uniform 
landing of the reading beam on the exposed metal of the storage 
mesh. The modulation for a given stored charge also decreases, 
and at a mesh potential of about +10 volts the phase of the 
reproduced signal is inverted. In this condition, even with the 
erasure mesh at a negative potential, the minimum erasure time 
is increased enormously and may be 30min or more. The 
reasons for these latter effects are not understood. 

The erasure rate is also dependent upon the area of the stored 
charge. In general, the smaller the diameter of the charge or 
the higher the definition, the more difficult it is to hold the 
picture. With a potential of +4 volts on the storage mesh and 
1000 volts on the erasure mesh, the maximum reading time for a 
spot of one five-hundredth of the picture diameter is about 
30min. The initial signal/noise ratio is then 25dB. If the 
writing beam is defocused so that the spot diameter is one two- 
hundredth of the picture diameter or greater, the maximum 
reading time increases to 2-3 hours. It is believed that this 
effect is due to the coplanar biasing action of the areas surréund- 
ing the charged spot. 

The uniformity of erasure has been of most interest in the 
relatively short reading times required for the radar application. 
For these times, no appreciable variation of erasure rate has been 
observed over the picture area. 
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Fig. 10.—VCRX350 reading-gun circuit. 
The valve V stabilizes the cathode potential of the reading gun against low-frequency 


drift. 


(4.3.4) Reading Gun. 

The reading gun is used as the output-signal electrode of the 
tube and is connected according to the circuit!9 of Fig. 10. The 
three electrodes, namely cathode, modulator and limiter, have 
steady voltages applied to them through high resistances Ro, 
Ro, RG, Ry, and R;. The capacitances C; and C, are of low 
impedance at video frequencies compared with Ro, Ro, Ré, 
Ry, and R,;. Thus for these frequencies the gun may be con- 
sidered as a single electrode. The input impedance of the 
amplifier is also effectively low compared with the above resis- 
tances, and the bulk of the signal current flows therein. The 
valve V stabilizes the mean potential of the cathode. 

The above arrangement allows signals to be taken from the 
gun end of the tube without increasing the fluctuation noise in an 
84 Mc/s amplifier by more than 1-0dB. This is so because the 
fluctuations in the cathode current of the gun do not flow in the 
signal resistor, but return to cathode via C, and C,. The sum 
of the fluctuations contained in the outgoing and returning 
electron beams remains. With an ion-trap mesh transparency 
of 70%, about half the outgoing beam returns to the gun in 
the absence of a stored picture. For equal outgoing and return- 
ing electron-beam currents, it has been shown* that the total 
noise is given by 


Its response to the high frequencies of the picture signals is negligible. 


i2y = dei if > 4 
where i, = Total noise current. 

e = Electron charge. 

ip = Electron-beam current. 

f = Pass band of amplifier. 

7 = Transit time of electron to target and back. 


sin = 


QT 


To allow for the 50% absorption on the ion-trap mesh, it is 
assumed that 50°% of the outgoing beam is subject to the above 
formula, and the other 50% generates noise according to the 


equation 
i, = eipf . (5) 


This ignores any partition noise arising from the interception of 
current by the ion-trap mesh. 
For an outgoing beam current of 1 wA witht = 5°x 10-®sec 
and f = 84Mc/s, the total beam noise computed is 
iy = 1-89 x 10-9 amp 
* The authors are indebted to Dr. B. Meltzer for this calculation. 
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‘or the same frequency range the noise current of a typical 


vmplifier is 4 x 10-?amp. The total noise is thus increased by 
';88 dB to 4-42 x 10-9 amp. 


1.3.5) Writing Gun and Writing Speed. 

i The writing gun is of triode construction. It is focused and 
‘eflected magnetically, and at an anode-to-cathode potential of 
| 000 volts it delivers a beam current of 1-2uA. The diameter 
fa reproduced spot may be measured on a monitor cathode-ray 
ibe by reducing the reading-scan amplitudes, and thus avoiding 
20 bandwidth limitations. The figure obtained in this manner 


3 0-096mm, and hence both the writing and reading spots must 

¢ smaller than this. 

| No effort has been made to increase the writing speed beyond 

hat required for the radar application. With the present design, 
ed in a radar display, reproduced spots of one five-hundredth 

f the picture diameter have been written in 5 microsec with an 

utput signal/noise ratio of 25 dB. 

_ Use as a store for a television picture (see Section 4.3.13) 

ndicated that writing speeds of 0-3 microsec per spot diameter 

ould be achieved with an output signal/noise ratio of 20 dB. 


4.3.6) Spurious Signals. 

A fraction of the writing beam travels the full length of the 
ube and is scanned over the reading-gun anode and the wall 
mode by the combined reading and writing deflection fields. 
spurious signals of opposite phase to the reading signals result, 
jut their time duration and amplitude have been much reduced 
yy the introduction of the apertured plate, 9, of Fig. 9. The 
iperture (#in) is sufficiently large not to intercept any of the 
‘eading-beam electrons. 


4.3.7) Positive-Ion Currents. 

With the electrode potentials normally used, only the positive 
ons formed between the ion-trap mesh and the erasure mesh 
ire absorbed on the storage target. The spacing between these 
wo meshes is small (2cm) as is the ion current. Using an 
iverage tube, the shading or change in the background level due 
© ion deposition becomes visible with continuous reading of 
ny one picture only after some 2-3 hours. 


4.3.8) Shelf-Life of a Stored Picture. 

Re-examination of a stored picture, with little loss of signal 
strength, may normally be made several days after it is first 
tored, provided that the tube is switched off in the interim. 
i one instance a picture was detectable after two months. The 
jicture was then easily erased and normal operation of the tube 
was resumed, showing that there was no burn-in of the stored 
mage. 


4.3.9) Transfer Characteristic. 

A curve of the transfer characteristic is shown in Fig. 11. It is 
een that a useful linear range of 25-30dB exists between the 
utput signal and the primary charge leaving the writing gun. 


4.3.10) Scanning. 

The equipment used for the VCRX360 was designed to 
iccommodate both this tube and the VCRX350. The reading- 
ection scan and focus coils require almost identical amounts 
xf drive, and the writing section, owing to a lower final- 
mode potential (1-5kV instead of 25kV) and smaller scan 
ingle (28° instead of 38°), requires a smaller amount of scan 
irive than the VCRX360 system. 

The VCRX350 is somewhat susceptible to the effects of 
xternal magnetic fields, and in order to obtain good resolution, 
areful magnetic screening of the tube is necessary. 


4.3.11) Black Level. 
_ The advantages of establishing black level at the end of each 
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Fig. 11.—VCRX350 transfer curve. 


television scanning line are well known. In order to obtain the 
reference black level, the reading beam is blanked out during 
flyback by lowering the potential of the storage mesh by about 
10 volts. However, when the scanned area is described about 
the circle of the storage mesh, which is desirable in order to 
obtain maximum resolution from the tube, the reading beam is 
intercepted at the corners of the raster by the reading-section 
wall anode. This gives rise to a large white signal, which exists 
along the whole of the top and bottom lines. 

Therefore, the reading-scan raster is reduced to 90% of its 
former linear dimensions, and under these circumstances at 
least the middle half of every return line is available as true 
reference black. 

Non-uniform transmission by the ion-trap mesh still renders 
this signal liable to variations from point to point in the picture, 
but by careful control in tube manufacture these may be kept 
down to less than 5°% of peak white. 

Because of non-uniform landing velocities induced by scanning, 
the black level tends to be lower at the edges of the picture than 
in the centre. Careful scanning and focus-coil design enables 
this shading to be reduced to a tolerable value. 


(4.3.12) Resolution. 

Using the television standards defined in Section 3.2.9, the 
smallest reproduced spot which is regularly achieved is one five- 
hundredth of the diameter of the picture, although on occasions 
this figure has been improved to one seven-hundredth. These 
figures refer to spots in the centre of the picture, the spot size 
increasing somewhat towards the edge. Spot sizes of less than 
one five-hundredth of the picture diameter have, however, 
occasionally been achieved at the picture edge. 


(4.3.13) Television Application. 
The experiment was made of writing a stationary British 
Standard television picture of 1, 2, 3 or more frames. It was 
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Table 1 | 


Background 


System « 
quality 


resolution 


System using 


Writin: ed 
tube type TUNG SPC 


Storage time 


No. of spots 
per picture us per spot 
diameter diameter 


400 5 
700 
550** 


8sec (max.) 


3sec (min.) 
10min (max.) 

5sec (min.) 
15min (max.) 

3sec (min.) 
30min (max.) 


0-1 
0:3 


700 0-3 


* At stated writing speed. 


found that three frames were necessary to obtain an output 
signal/noise ratio of 30dB. However, an acceptable picture of 
20dB signal/noise ratio, with good half-tone rendition, was 
obtained by writing a single frame. 


(4.3.14) Possible Developments. 

The use of a rectangular-mesh electrode structure with standard 
3 : 4 aspect ratio and height equal to the diameter of the present 
mesh would eliminate the black-level troubles described in 
Section 4.3.11. It would also enable the whole of the storage 
surface to be used when storing one frame of a television picture. 

It has been mentioned in Section 3.2.10 that flare occurs around 
the edge of the 12in picture tube because of overscanning. 
This is particularly troublesome with the VCRX350 because 
there is a bright white surround to the picture, but this would 
be reduced in the modified tube proposed. 

It would be eliminated entirely if no signal were written in to 
the tube in the areas corresponding to those outside the area of 
the screen of the viewed cathode-ray tube. This could be done 
either by scan limitation of the writing raster external to the tube, 
or by the use of a circular shield mesh screening the storage mesh 
in those areas. 


6) SUMMARY OF SYSTEM PERFORMANCE (see TABLE 1) 


Resolution.—In all cases the resolutions quoted have been those 
obtained on a complete system including the final display cathode- 
ray tube. 

Writing Speed.tNo measurements have been made to obtain 
the maximum writing speed obtainable from the tubes. The 
figures quoted have been obtained readily in practice. For the 
VCRX350 the quoted speed gave an initial signal/noise ratio of 

-20dB (see Section 4.3.13), and for the VCRX360, an initial 
signal/noise ratio of 26 dB. 

Storage Time.—The times given are for continuous reading, 
which is assumed to have terminated when the signal has dis- 
appeared into noise. The stored signal in each case was a spot 
of a size approaching the limit of the resolving capabilities of the 
tube (see Section 4.3.3 for storage time for larger areas). 

Background.—The background in all tubes is assumed to be 
that which would be obtained in large-scale production, and under 
these circumstances, considerable reduction of dust spots, etc., 
can be expected compared with present-day experimental tubes. 

Geometry.—It was not the purpose of the present investigation 
to produce a tube of sufficient accuracy to enable measurements 
to be made of target position on the final display. All that was 
required was that the final display should not be obviously dif- 
ferent from that obtained by direct. presentation of a radar 
picture. 


+ Best obtainable. 


Initial 
signal/noise 
ratio 


Input/output | 
coupling 


Simultaneous 


Decay law write/read 


Geometry 


Good 
Good 


Near-exponen- 
tial fair 
Poor 


Not measured 
probably linear 
Good 


Excellent 


Good 


** Estimated. 


Initial Signal] Noise Ratio.—The figures quoted are those which 
were obtained when using the head amplifiers described in the 
text. That used for the VCRX343 was also used for the 
VCRX326. 

Decay Law.—The ideal decay law for a radar application is 
probably linear, or some law not very far removed from this. 
Fig. 12 shows typical decay laws for three tubes normalized to 
equal storage times. 
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Fig. 12.—Decay characteristics for tubes type VCRX343, VCRX350 
and VCRX360 normalized to equal storage times. 


(a) VCRX360. 
(b) VCRX350, 
(c) VCRX343, 


Simultaneous Write-Read.—This item is self-explanatory. 

Input|Output Coupling —With the VCRX343 the input/output 
coupling is inherent in the tube, but can be reduced to a very 
small amount. In the VCRX350 it has been minimized by 
careful design. In the VCRX360 it does not exist, and in the 
VCRX326 it does not arise because of the inability of this tube to 
write and read simultaneously. 


Fig. 13.—Photographs of the tubes. 
(a) VCRX326. 
(6) VCRX360. 

(c) VCRX350. 
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DISCUSSION 


ON 


“AN ANALOGUE COMPUTER FOR USE IN THE DESIGN OF SERVO SYSTEMS’’* 
SOUTH-EAST SCOTLAND SUB-CENTRE, AT EDINBURGH, 19TH OCTOBER, 1954 


_ Mr. J. B. Smith: The paper was written at a time when little 
had been published on systematic servo-mechanism design, and 
the computer fulfilled a valuable function in assisting designers 
to understand the principles involved. During the past four 
years much work on the subject has been published, and most 
‘designers have adopted’ one or other of the various techniques 
utilizing specialized design charts and/or function tables. Does 
the author feel that his computer can still be used to advantage 
in some aspects of design? 
_ Mr. B. B. English: While the design of servo systems has been 
advanced as the primary purpose of the computer, it has also 
' been suggested that it may be of use in teaching servo-mechanism 
theory. However, I find it difficult to believe that a computer 
of this type would be as convincing and as easy to understand 
as a purely electronic simulator. Most students of servo 


* Warp, E. E.: Paper No. 1201 M, November, 1951 (see 99, Part H, p. 521). 


mechanisms will have had a basic training in circuit theory and 
electronics, and will be able to grasp the mode of operation of 
a simulator with its direct comparison with the actual servo 
mechanism much better than the purely mathematical approach 
of the computer described in the paper. 

Has the author used the computer for teaching purposes, and 
has he found its mode of operation easy to explain? 

Dr. E. E. Ward (in reply): In reply to Mr. Smith, my view is 
that the question least understood in current servo-system theory 
is the relation of the required output function—particularly 
when stated as a time function—to the specifications of the 
apparatus forming the open loop, particularly when regarded 
as a frequency functidn. A computer of the kind described 
should be useful in making such calculations. In reply to 
Mr. English, I have not had occasion to use the computer for 
teaching purposes. 
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SUMMARY 


The transistor is gradually establishing itself as a useful circuit 
element, but although individual circuits have proved to be adequately 
reliable their collective reliability in a more complex apparatus has not 
hitherto been proved. Accordingly a digital fast multiplier—an im- 
portant part of any large-scale computer—has been constructed using 
transistors throughout. 

Operating at a basic frequency of 125kc/s, the multiplier computes 
the product of two 32-digit serial numbers in about 4 millisec. 

The logical design has a novel feature in that the digits of the 
multiplier are taken in pairs instead of singly. 

The multiplier can be divided into three parts: the generator of 
timing waveforms, the arithmetic unit and the storage system. Point- 
contact transistors are used throughout except in the amplifiers 
associated with the storage system, where junction units are used. 
The actual storage elements are magnetostrictive delay lines; some of 
the results of an investigation into their operation are included as 
appendices. 

Out of a total of 84 point-contact transistors, 12 junction transistors 
and 568 crystal diodes, 3 point-contact units have failed in 7 months 
of daily operation. No selection of transistors is required. The total 
power consumption is 50 watts. 

It is concluded that transistors of the types at present available are 
well suited to computer circuits and that both the construction and 
maintenance of the apparatus are facilitated by their use. 


LIST OF PRINCIPAL SYMBOLS 


V,5 Vp, Ve = Electrode voltages. 
i,, ip, i, = Electrode currents. 
I,, I,, I, = Supply currents. 
ig = Collector current with zero emitter current. 
a, = Ratio i,/i, at knee of i,/v, characteristic. 
x = Multiplicand (number). 
y = Multiplier (umber). 
YA 
YB 
VG 
YD 
ip = Diode current. 
T = Transistor. 
D = Diode. 
S = Sending circuit. 
C(x) = Complement of x. 
/ = Length of delay-line coil. 
c = Velocity of sound in nickel. 
X = Waveform defining x period. 
Y = Waveform defining y period. 
Y;, Y2, Y3, Y4 = Waveforms defining periods of 4, ¥z, Yo, Yp- 


= Sections of y. 


Dr. Chaplin is in the Electronics Division, Atomic Energy Research Establishment, 
Harwell. Mr. Hayes and Mr. Owens are in the Electrical Engineering Laboratories, 
University of Manchester. 


= Other timing waveforms. 


= Self-resetting inversions of PS, A, B, etc. 
Better 
Clock = Clock waveform 
I-clock = Inverse clock waveform 
Strobe = Strobe waveform 
I-strobe = Inverse strobe waveform 
D-strobe = Delayed strobe waveform 


Basic waveforms. 


(1) INTRODUCTION 
The transistor is gradually establishing itself as a useful circuit 


| 


element, and although it is too early yet to assess its reliability | 


in general terms, its short-term reliability appears promising. 

Whereas the junction transistor seems to be applicable mainly 
to linear amplifiers, the point-contact unit is shown to best 
advantage in the field of 2-state circuits. Such a field is typified 
by the electronic digital computer, which should benefit from 
the small size of the transistor, the elimination of heaters and the 
resulting simplified construction. Although many individual 
computing circuits have been devised,!-5:10 proof of the ability 
of these circuits to operate reliably together in a computer has 
hitherto been lacking. The apparatus described in the paper 
was devised to provide this proof. 

An important part of all large-scale computers is the multiply- 
ing system, and for reasons of economy it was decided not to 
build a complete computer but to construct a digital fast multi- 
plier, including a storage system and units for the generation of 
the numbers and all necessary waveforms. The logical design is 
based on the multiplier used by Dr. Kilburn in a thermionic- 
valve computer in the University of Manchester,* and the project 
was carried out under his general direction. The system, in 
which the digits are taken in pairs, lends itself to a diversity of 
circuits rather than to the use of unit construction, and introduces 
most of the problems which might be encountered in a complete 
computer. 

The paper also includes an investigation into magnetostrictive 
delay lines (Section 15) since these were used as storage elements. 


(2) A BISTABLE CIRCUIT 

The type of circuit found most suitable for performing logical 
operations on pulse trains is the earthed emitter connection 
shown in Fig, 2, since it can produce square output pulses.! 
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Fig. 1.—Conventions used. 


(a) Point-contact transistor (LS737 or OCS1). 
(6) Junction transistor (OC71). 

(c) Point-contact diode (CV425). 

(d) ‘‘And” gate. 

(e) “Or’’ gate. 

(f) “Not equivalent to.” 

(g) Single digit delay. 

(A) Single transistor circuit. 

(Gj) Halver. 

(k) Adder. 
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Fig. 2.—Earthed emitter bistable circuit showing “‘off’’ and “on” states 
and the effect of hole storage on v¢. 


_ circuit has two states, which are stable if the following conditions 
are fulfilled: 


In the “off” state 
I, = eH leg < 1 mA) 


In the “‘on”’ state 


i. ane I, 


4s 
where «, is defined as the ratio — collector current to emitter 
current at the knee of the i,/V, curves, and varies between 2 
_and4. The use of a current supply, J,, to the base increases the 
value of i,, which the circuit will accept in the “off” state while 
still maintaining an emitter-to-base bias of 2 volts, and also 
increases the range of collector current over which the “on” 
state is stable. A similar current supply, J,, is used in the 
_ collector circuit so that it can supply current in either direction 


ee 
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to an external load without appreciably affecting the potential 
corresponding to the “off” state. The purpose of D, is to enable 
the circuit to be triggered into the “‘on”’ state by a positive pulse 
applied to the emitter, and then to present a low impedance for 
the subsequent emitter current. 

Resetting to the “off’’ state is accomplished by a positive pulse 
applied to the base via D3. The “hole storage effect’’2;3 makes 
it necessary for this pulse to be able to supply current up to the 
value of (i, — I,), which in Fig. 2 is 12mA, for up to 4 microsec 
with transistors of the type at present available. The problem of 
supplying sufficient current can be eased, wherever possible, by 
resetting all transistors at regular intervals by a low-impedance 
waveform, termed the clock. The time wasted in resetting can 
be reduced by the use of coils in the base circuits. 

Both these features are combined in the circuit shown in 
Fig. 4, which is the basic trigger stage used throughout the 
multiplier. Before describing this circuit it is necessary to 
introduce the basic timing waveforms which control its operation. 


(2.1) Basic Timing Waveforms 


A number representing a row of 1’s consists of 11-volt posi- 
tive pulses of 3-Smicrosec duration separated by intervals of 
4-Smicrosec. The regular waveform timing the numbers is 
called the clock (Fig. 3) and is negative for the 3-5 microsec 


t=-CLOCK PERI OD-+4 
‘ 


PERIOD | PERIOD 


Fig. 3.—Basic timing waveforms. 


(a) Clock. 

(6) Strobe. 

(c) Delayed strobe. 

Inverse phases are also available. 


digit period allowing transistors to switch on, and positive for 
the 4-Smicrosec “off” period switching transistors off. Con- 
secutive digits thus occur at 8 microsec intervals (the clock period) 
representing a pulse repetition frequency of 125kc/s. Two other 
basic timing waveforms are the strobe and the delayed strobe; 
their timing relative to the clock is shown in Fig. 3. These three 
waveforms are also used in their reverse phase, in which case 
they are prefixed by the word “‘inverse.”” In addition to timing, 
these waveforms are also required to switch transistors on and 
off and to recharge coupling capacitors, thus relieving the 
transistors of merely routine loads. It is convenient to use valves 
for the generation of the waveforms, since only one valve for 
each waveform is necessary for the whole of the multiplier. 


(3) THE BASIC CIRCUIT 


Since the coil in Fig. 4 has negligible resistance the base 
potential in the ‘“‘off” state is practically independent of 7,,. 

The impedance which the base circuit presents to a sharp 
trigger pulse at the emitter is decided largely by the damping 
resistor R;, which is sufficiently high.to give increased triggering 
sensitivity over the circuit shown in Fig. 2. Initially, the margin 
of stability in the “‘on” state is large, since i, is not much greater 
than i The voltage across the base coil (about 3 volts), how- 
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Fig. 4.—Basic trigger circuit, showing use of a base coil for self-resetting 
(full lines) combined with the clock for more accurate timing 
(broken lines). 


ever, causes i, to increase at a fairly constant rate, with a con- 
sequent gradual reduction in the margin of stability, until, when 
i, = (a, — 1)i,/oy, ~ 7:-SmA, the transistor reverts to the “off” 
state. 

The duration of the positive pulse obtained at the collector 
depends somewhat on both i, and the transistor parameters, but 
more accurate timing can be obtained by using the clock to 
reset the transistor at some intermediate time. This is illustrated 
by the broken lines in Fig. 4. Although hole storage will not 
have been completely eliminated at this time, it will be much 
reduced, with a consequent reduction of the load on the reset 
pulse. The duration of the reset pulse can now be reduced, 
since not only is the degree of hole storage reduced but the 
tendency of the coil to keep the high base-current flowing, as 
evidenced by the positive overshoot of v,, augments the reset 
pulse. Resistor R, should be chosen to give critical damping, 
since the circuit will oscillate if the coil is underdamped. 

The most valuable property of this basic circuit is that, when 
triggered, it emits an output pulse of well-defined amplitude and 
duration, which is sensibly independent of the load into which it 
operates and of the nature of the trigger pulse. In fact, the output 
impedance in the “‘on”’ state is largely determined by the forward 
impedance of D,. Before describing how this circuit can be 
used for gating or delaying pulses, the following Sections discuss 
some alternative resetting methods. 


(3.1) Alternative Resetting 


It is essential, in Fig. 4, that the reset pulse shall not exceed 
+2 volts, unless it is of shorter duration than the positive 
overshoot of v,; otherwise, if it exceeds +2 volts it may 
establish a reverse current in the base coil, and the transistor 
may trigger ‘‘on’’ when the reset pulse is removed. Although 
the top level of the clock pulses, derived from a valve, can be con- 
trolled within the required limits, a reset pulse originating from 
the collector of another transistor may be uncertain in its top 
level to the extent of 2 volts. In this case a secondary winding 
of, say, three times as many turns can be added to the base coil, 
as shown in Fig. S(a). The uncertainty in the base potential 
during reset is thereby reduced by two-thirds, as is also the load 
on the reset pulse. Alternatively, the reset pulse may be applied 
to the fixed end of the base coil to increase the voltage across it 
(and hence the rate of rise of base current) by a factor of 3 of 4 
[Fig. 5(6)]. This arrangement suffers from the resulting delay 
in switching off and the necessity for generating the reset pulse 
at high level, but it has an application discussed in Section 8.2. 
A similar effect could be obtained by the use of saturable magnetic 
material in the base coil. 
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Fig. 5.—Alternative resetting methods. 


(a) Transformer method. 
(b) Series method. 


(3.2) Gating 


The problem of gating is basically that of arranging that a a 
controlling waveform shall allow or inhibit the passage of a’ | 


pulse train. In the valve circuits this controlling waveform is often 


derived from a cross-coupled 2-state circuit or staticizor, which © 


has two output points of opposite phase [Fig. 6(a)]. For a given 


OUTPUT GATE! 


OUTPUT GATE 2 
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Fig. 6.—Direct gating. 


(a) With valves. 
(6) With transistors. 


state of this staticizor the pulse train can be allowed or prevented 
by connecting to one or the other of the output points. At first 
sight, the fact that a single-transistor 2-state device has only one 
output point might appear to be a drawback, but fortunately, 
although it has only one output point, the transistor trigger 
circuit has two input points which are in antiphase with respect 
to the effect they have on the output. Thus the pulse train is 
allowed or prevented, depending on which of the two input 
points to the gate the control waveform is connected to [Fig. 6(6)]. 
These two input points are the emitter and the base, and both of 
them have current and voltage gain to the collector, so that one 
such circuit can control several others. The complete gating 
circuit is shown in Fig. 7. 

The emitter gating circuit is enclosed by the left-hand dotted 
line. An input pulse to the circuit, from another such collector, 
will cause R; to pass about 3mA, which will reach the emitter 
and trigger the circuit only if there is a coincident positive 
pulse on the cathode of D, (the control waveform). To prevent 
triggering, the control waveform has to absorb this current, and 
so, if its collector supply current amounts to 15mA, it can control 
up to 4 similar gates. 

The base-gating circuit is enclosed by the right-hand dotted line. 


A positive pulse (the control waveform) on the cathode of D, .. 


_ allows the current flowing in R,, which is greater than i 
| raise the potential of the whole of the base circuit through about 
‘11 volts to +13 volts. 
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Fig. 7.—Basic circuit with gating facilities. 
Left: Positive control “‘allows.”’ 
Right: Positive control “inhibits.” 


Ly 


s Since D, prevents the input from raising 
the emitter above -+-6 volts the base is at a higher potential than 


' the emitter and the circuit will not trigger. If the current flowing 


through R, is 3mA, then, as in the previous case, the controlling 


') waveform will be able to control up to 4 such circuits. 


Thus a positive pulse on the cathode of D, allows triggering, 
whereas a similar pulse on the cathode of D, prevents it. 
‘Coupling capacitors C, and C, can be regarded as 14-volt and 
16-volt batteries respectively, since they are large enough to 
maintain their potential difference over a digit period, and any 
loss of charge is made up by the delayed-strobe and inverse-clock 
waveforms respectively in the ‘“‘off” periods. Reference to 


{ Fig. 3 shows that these waveforms also ensure that the base 
- inhibit always overlaps any waveform appearing at the emitter, 
| and so prevents spurious triggering. 


(3.3) Delay 
It is often required to retime a pulse to the beginning of the 


‘next digit period, regardless of the particular part of the previous 


digit period in which it occurred. The basic trigger circuit can 
be adapted to perform this function as shown in Fig. 8. A pulse 
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Fig. 8.—Basic circuit with retiming facilities. 


appearing at the collector of T,; some time in the first digit period 
charges the small capacitor C, which is then discharged by the 


strobe into the emitter of T, at the beginning of the next digit 


period.! 
The basic trigger circuit shown in Fig. 4 can thus have attached 


to it either or both of the gating systems of Fig. 7 or the delay 
system of Fig. 8, and if suitable precautions are taken it can 


embody both gating and delay simultaneously. There is no 


interaction between these systems. 
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(3.4) Indirect Gating 


So far, only instantaneous gating has been discussed, but if 
sufficient time is available between each control and input pulse 
both allowing and inhibiting can be achieved without using the 
base. 

An input pulse as in Fig. 9(a) can cause D, to conduct, and 
hence to trigger the transistor, only when the control waveform 
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Fig. 9.—Indirect gating. 


(a) Positive control “inhibits.” 
(b) Positive control “allows.” 
(c) Input clipping circuit. 


) 


is at —14 volts. Thus a positive control waveform inhibits the 
circuit. On the other hand, the input pulse in Fig. 9(6) can 
trigger the transistor only when the control waveform is positive. 
Thus a positive waveform allows an input to trigger the transistor. 

In either case the time required to set the gate is an appreciable 
multiple of CR,. The minimum capacitance of C for reliable 
triggering is about 500ju4F. If the current flowing through R, 
in Fig. 9(a), when the gate is being set to inhibit, exceeds that in 
R, the transistor may be triggered by the control waveform. To 
prevent this, R, should not be less than 15 kilohms. Thus the 
minimum value of CR, is 7:5 microsec. 

To prevent spurious triggering due to any discrepancy in 
the top levels of the input and control waveforms, a diode 
clipping circuit [Fig. 9(c)] is placed in series with the inputs of 
the gating circuits in Figs. 9(@) and 9(6). 


(3.5) Binary Counter 


The waveforms which control the operation of the multiplier 
are generated by a series of binary counters. Single-transistor 
binary counters of the earthed-emitter type can be constructed, 
in which the input is gated to both emitter and base by the 
indirect gates of Figs. 9(a) and 9(b). This, however, involves 
resetting the transistor through a capacitor, which must be 
relatively large and therefore costly in both time and power. The 
two-transistor circuit of Fig. 10 is used in preference. 

The lower transistor, T,, which supplies the output v,, is 
switched on by the rising edge of the input (via the lower indirect 
gate) only if its collector has been negative. Similarly, T, is 
switched on via the upper indirect gate only if the collector of 
T, has been positive, and its function is to reset T,. Since direct 
coupling is used for resetting T>, all the bias potentials of T, 
are raised by 6 volts. The base coil of T, need only have 
inductance high enough to allow T, to be reset, whereas the base 
coil of T, must be large enough for T, not to be self-resetting. 
Two outputs are available from this circuit: a symmetrical wave- 
form, ¥,, and short positive pulses at high level, v,,, which can be 
used for resetting other circuits. The circuit can be operated by 
either v.41 OF V,2 of the previous binary counter, but if by v,; the 
resistance R, must be added and the cathode potential of D, 
increased to +2 volts. 
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Fig. 10.—Two-transistor halving circuit. 


(4) MULTIPLIER LOGICAL SYSTEM 


Before the method of using these basic circuits in the multiplier 
is described, it is necessary to outline its logical system. 

The two numbers, the multiplicand x and the multiplier y, 
which are to be multiplied together, are each 32 digits long. In 
order that the multiplier should provide a comprehensive test 
for the transistors with a minimum outlay of equipment, it is 
arranged that the number y is split up into four parts of eight 
digits each, ¥4, Vz, Vc and yp, and x is multiplied by each part 
in turn.6>7 This reduces the required number of adders from 
31 to 8.. In addition to this, the digits of y are taken in pairs,4 
resulting in a further reduction in the number of adders required 
from 8 to 5. This also has the advantage, in this case, of 
requiring a more complex gating system for selecting the 
numbers which are fed into the adders. 

An example of paired multiplication in which x and y are both 
8 digits long is shown in Fig. 11. The numbers are written with 
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Fig. 11.—Example of paired multiplication. 


the least significant digit on the left, as they would appear on a 
cathode-ray tube. 

Considering the least significant pair of digits of y, since there 
are four possible combinations of these two digits, there are four 
possible results of multiplying x by them. These results are 0, 
x, 2x and 3x, and the appropriate one in this case is 3x, since 
both digits are 1’s. The next most significant pair of digits of y 
are both 0’s, so their contribution is zero, but displaced two digits 
to the right. The next pair is 10 and its result is x displaced 
a further two digits to the right. The final pair, 01, has the 
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result 2x displaced by another two digits. These numbers, x, 2x | 
and 3x are generated separately and the appropriate one is gated |, 


into the adders by each pair of digits of y in turn. This is — 


accomplished by the arithmetic unit, which is described in detail |, 
in Section 8. (3 

The arithmetic unit represents about one-third of the total ||, 
equipment involved. The other two-thirds is divided fairly |, 


equally, first between the generation of numbers and timing © 


waveforms, and secondly the necessary stores with means for — 


selecting the appropriate numbers. 


A simplified block diagram of the whole multiplier is shown in 
Fig. 12. The pulse separator is operated from the basic clock | 
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Fig. 12.—Basic block diagram of multiplier. 


waveforms, and provides means for identifying each particular 
digit period, and hence any digit of the number. The numbers 
x and y are generated from the pulse separator and then trans- 
ferred via a set-up store to the xy store, and the system is so 
arranged that multiplication begins automatically with the trans- 
fer of the second number, y, to the xy store. When this happens, 
x and the appropriate portions of y are gated into the arithmetic 
unit, and when the multiplication is complete the circuits are 
automatically reset to their initial states. The product, xy, is 
stored in the product store. Timing waveforms are derived from 
the pulse separator mainly by the process of counting down, and 
are applied to all parts of the multiplier. 

It is proposed to consider each part of the multiplier in turn, 
to explain its logical operation in more detail, and to describe any 
transistor circuits: that are markedly different from the basic 
circuits described in Section 3. 


(5) PULSE SEPARATOR 


The first unit of Fig. 12 to be described is the pulse separator, 
which is shown in Fig. 13 and consists of eight of the delay stages 


LCLO 


PSB 


Fig. 13.—Block diagram of pulse separator. 


'f Fig. 8 connected in a ring. The output from any one stage 


3 thus one pulse in every eight digit periods, and, if the stages 


A ht aoe 1 to 8, any one stage defines a ctinaes — 


immediately preceding the No. 1 digit period. This is used to 

‘ senerate PS;, a high-level self-resetting transistor waveform, 

“which initiates all the main timing waveforms. This ensures 
hat they are well established before the first digit period. 

| The two half-digit delays are achieved by charging a capacitor 

‘and then discharging it with the appropriate timing waveform, 

‘and they also incorporate the means of ensuring that one (and 


‘only one) pulse circulates.'° 


(6) TIMING WAVEFORM GENERATOR 


| Timing waveforms having periods ranging from 8 to 416 digit 
periods are necessary to control operations (Fig. 14). Wave- 
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Fig. 14.—Timing waveform diagram. 


forms PS3, A, B, X and Y, run continuously and are timed to the 
clock waveform which is shown inset with PS, on an expanded 
‘scale. Their main purpose is to allow numbers to be set up 
prior to multiplication. Some of these, such as A and B, are 
symmetrical and are obtained by halving, using the circuit 
“shown in Fig. 10. Thus A and A’ are halved from PS, and B 
and B’ are halved from A’. Other waveforms, such as Y>, are 
unsymmetrical and are generated from combinations of pre- 
viously derived waveforms by direct and indirect gating on the 
emitter and resetting on the base. This is illustrated by the 
Circuit shown in Fig. 15, in which Y, and Y, are generated. Y, 
is generated by T, by passing X and B through the “or” gate of 
D3, D, and R; and using the resulting ““X or B”’ to control the 
indirect gate of Rj, D, and C, which has A as its input. The 
‘input to the emitter is thus “A not (X or B),” and the output 
‘from the collector is a pulse which is triggered by the input but 
eset by the base coil. The duration of this pulse, Y5, will depend 
on the load into which it operates, and this fact is utilized in 
the method of resetting the staticizors described in Section 8.2. 
The fact that the indirect emitter gate does not respond imme- 
‘diately is an advantage in this case, since it prevents spurious 
inputs being applied to the emitter of T,; on account of the 
transitions of A, X and B not being coincident. 

_ The waveform Y, is generated from Y, by T,, which is the 
basic circuit of Fig. 4 triggered by Y; and reset by A’, a high-level 
waveform. 

4 The rest of the waveforms in Fig. 14 operate only during 
‘multiplication, and their function is to initiate multiplication, to 
select the appropriate parts of y in the correct order, and to 
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Fig. 15.—Generation of waveforms Y4 and Y2. 


terminate multiplication and allow the product to remain cir- 
culating in the product store. Multiplication is initiated by a 
single pulse occurring at a random time, which switches off the 
transistor that generates E, as shown by the broken line. Since E 
may be on for an indefinite period it has a resistive base load. 
When E falls it removes the inhibit on F, which is then switched 
on by the next X’ pulse. Thus F rises at a standard time and 
controls the multiplication in the following manner. 

The waveform Y is triggered by “‘X’ and F” and reset by Y 
which in turn is triggered by ““B’ and. Y” and is self-resetting. 
Yj, is triggered by “A and B and Y” and reset by A’. Wave- 
forms C, C’ are generated by the standard halver triggered by Y4, 
and D is triggered by the second positive-going edge of C. The 
third positive-going edge of C allows the next PS, pulse to trigger 
E, which in turn resets C, F and D by the delay-line method 
described in Section 8.2, causing Y, Y’ and Y, to terminate, 
thus completing the multiplication. The end of multiplication 
is timed by PS, instead of PS, to allow for the extra delay in the 
x, 2x and 3x generator (Section 8.4). 


(7) NUMBER GENERATOR AND SET-UP STORE 


The number generator and the set-up store are not strictly 
part of the multiplier, but simulate the external computer of 
which the multiplier might be a part. 

The procedure is first to set up the number x in the 32-digit- 
long set-up store and manually to gate it into the 64-digit-long 
xy store using waveform X. The set-up store is then cleared and 
the second number, y, formed. On starting multiplication, y is 
automatically transferred to the vacant place in the xy store by a 
transistor gate which is controlled by ‘““F and Y”’ on the emitter 
and inhibited by ““X or Y” on the base. Reference to the wave- 
form diagram of Fig. 14 shows that this gate is open for only one 
Y period, resulting in a “‘once only” transfer. 

The method of generating the numbers is shown in Fig. 16. 
A series of switches, S; to Sg, connects the collectors of the eight 
pulse separators, via diodes, to the junction of R; and R,, where 
an 8-digit number can be set up. This number is fed into the 
set-up store via two 2-way switches, the four possible configura- 
tions of which decide the particular quarter of the Y period into 
which the number is placed. The first switch, switch a, selects 
one of two clamping waveforms, Y> or B, which, in conjunction 
with the clamping waveform A, define the periods Y> or Y4, 
respectively. Reference to the timing waveform diagram of 
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Fig. 16.—Number generator with set-up store. 


Fig. 14 shows this to be so, since ““A and B” is a waveform similar 
to Y4, but of twice the frequency, and “A and Y,” is identical 
to Y,. Y,could not be used directly, since it operates only during 
multiplication. 

If switch 6 is in position 1, then the periods Y, and Y, are 
defined, but if it is in position 2 the numbers are inserted eight 
digit periods in advance into the store, and periods Y, and Y; 
are defined. 

It is important that the lead to the left-hand side of R, be 
carefully situated, since a temporary short-circuit to, say, 
—14 volts would burn out all eight pulse separators. 

Details of the set-up store are given in Section 9.5. 


(8) ARITHMETIC UNIT 
(8.1) Logical Operation 


The actual multiplication is accomplished in the arithmetic 
-unit, a block diagram of which is shown in Fig. 17. 
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Fig. 17.—Block diagram of arithmetic unit. 


The eight staticizors at the top of the diagram are set tip to 
conform to the first batch of eight digits of y, using the pulse 
separator and Y, for timing. The result is that yp is set up, since 
it occurs in period Y,. Each gate controlled by its pair of 
staticizors then allows 0, x, 2x or 3x to flow into its adder 
during the following x period. The resulting partial product 
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(x X yp) then enters the product store. In the next Y, period 
all the staticizors are reset by Y; and are then set up to the next 
batch of y, (yc), in period Y, and the next partial product (x x y,} 
is obtained and added to the first one, which will just have 
emerged from the product store. This is repeated for yp, and y, 
and the resulting final product is kept circulating in the product 
store by opening gate A and closing gate B. 

Before multiplication, y4, ¥g, Yo and Yp occur at the times 
Y,, Yo, Y3 and Y4, respectively, but during multiplication y is 
progressively shifted 8 digit periods to the right, as shown in 
Fig. 18. The reason for this is that to set up the staticizors to 
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Fig. 18.—Multiplier timing and sequence diagram. 


each quarter of y in turn it is convenient to look at the same place 
(the xy store output) at the same time (Y4) and see the four 
quarters of y appearing in turn. This avoids either switching to 
four different points in the store or generating an irregular timing. | 
waveform. } 

The choice of which part of y to look at is decided as follows. 
Period Y, would not allow sufficient time to reset the staticizors, 
and the two middle periods Y, and Y3 would involve taking, 
Y.4,B,C,p in an irregular order. 


(8.2) Circuit Details 
(8.2.1) The Staticizor. 

Each staticizor is the single transistor circuit of Fig. 2 switched 
on by “‘y and Y, and PS,, etc.,” and reset by Y5. Base coils are 
not used because the ratio of time-on to time-off may be as high 
as 3 to 1, which would not allow sufficient time for the coils to 
recover. 

If Y; were to reset all eight staticizors simultaneously it would . 
have to supply a current up to 8 x (J, — J,) = 96mA, whereas 
it is required to limit this current to 30mA for reliable operation. - 
Since plenty of time is available, this can be achieved by the | 
circuit of Fig. 19, which shows the Y4 transistor of Fig. 15 
connected directly to the base of the first staticizor and via a 
series of coils to the others. When Y% rises, the first base is 
taken to +2 volts and draws a current of (J, — J,) = 12mA. 
This current gradually decays with the hole storage, but current 
begins simultaneously to flow through L;, since its left-hand side 
is now at +2 volts and its right-hand side is at about —2 volts 
(assuming all the staticizors are on). This current increases 
almost linearly until, at 12mA, the potential of the second base 
rises to +2 volts. This action then proceeds along the chain of 
staticizors until all are off. During this time the current from | 
Y; has remained substantially constant at ip; + ip2...-ipg 
(~ 12mA), but it now falls to zero and the ensuing reduction in 
the collector current of Y4, together with the action of its base 
coil, causes it to reset. 

The operation of the circuit is analogous to a lumped delay 
line (ladder network) in which the capacitors are replaced by 
current-operated 2-state devices, the reset pulse being propagateld 
down the line. 
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Fig. 19.—Circuit and waveforms for resetting staticizors. 


_| 8.2.2) Three-Input Gates. 

( The function of each gate in Fig. 17 is to allow one of the four 
_mumbers 0, x, 2x or 3x through into the adder chain, according 
o the configuration of its two controlling staticizors. The 
>ircuit diagram of the first gate, which is controlled by the first two 
_taticizors, is given in Fig. 20. 
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Fig. 20.—Three-input gate with two control waveforms. 


Basically, the circuit is the standard gate, having provision for 
inhibiting on both emitter and base. The x and 2x inputs are 
applied to the emitter via current-limiting resistors and diodes, 
and the 3x input via a diode gate, the method of selection being 
as follows: 
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(i) Both Staticizors off. 


The cathodes of D,, D7, Do, Dio, Dyg and Djo are clamped at 
—14 volts and so no input can reach the emitter. There is 
therefore no output. 


Gi) Staticizor 1 on, Staticizor 2 off. 

The cathodes of Dj, D, and D,g are at —14 volts, but the 
cathode of D, is raised to about —3 volts. The number x is 
thus able to raise the anode of D, from —14 to —8 volts, 
where it is caught by D,, producing a 6-volt input at the emitter, 
sufficient to overcome the 2-volt bias on the base. The output 
is therefore x. 


(ili) Staticizor 2 on, Staticizor 1 off. 

In this case the cathodes of D, and Djg are clamped and that 
of D, raised, allowing 2x to produce a 6-volt waveform at the 
emitter. The output is therefore 2x. 


(iv) Both Staticizors on. 


The cathode potentials of all the diodes, D,, D7, Do, Dio, Dig 
and Dy are raised, allowing both x and 2x to raise the emitter 
to +6 volts. At the same time, however, the fact that the 
cathode potentials of D,;g and Dj are raised enables the base 
to rise through 6 volts until effectively caught by D,7 at +8 volts, 
preventing either x or 2x from producing an output. The 
number 3x, however, is free to raise the emitter to about 
+11 volts, which exceeds the base potential and produces an 
output of 3x. The 3x input is provided with a diode and current 
source instead of simply a limiting resistor because of the large 
voltage excursion of the emitter. The inverse clock and delayed 
strobe are, as usual, applied to base and emitter, respectively, 
to recharge the coupling capacitors at each digit period. 


(8.3) The Adder Chain 


The adder chain consists of alternate adders and double delays. 
Since each delay stage is the single-transistor circuit of Fig. 8, 
the double delay uses two transistors, and it might appear 
advantageous to replace them by a two-digit-long electrical delay 
line. One of them, however, is necessary, since it must drive the 
following adder, and a delay line could not do this. Although 
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the other one could be replaced by a single-digit-long line it has 
been retained because it is less bulky. 

Each adder is of the logical type and is shown in Fig. 21. 
The first two stages, T,; and T,, are based on Fig. 7 and are 
identical. Each has two inputs, and produces an output pulse 
only when the two input pulses are different, i.e. when one is 
0 and the other 1. Since the output from T, is one of the inputs 
to T,, the T, stage must incorporate some delay to ensure that 
both inputs are present before an output is attempted. This is 
accomplished by the combination of the delayed-strobe and 
inverse-strobe waveforms in the emitter circuit of T,. The final 
stage, T, delays the ‘“‘carry’’ by one digit period and is similar to 
one of the stages of Fig. 8. 

Since the operation of T, is delayed with respect to that of T, 
it can accept a delayed input, and for this reason the input from 
the gates (Fig. 17) which occurs late in the digit period is con- 
nected to T,, and that from the delays is connected to T). 


(8.4) The x, 2x and 3x Generator 


The method of generating x, 2x and 3x (Fig. 17) is to gate x 
from the xy line by waveform ‘‘X and F,” to delay x by one digit 
period in delay No. 1, forming 2x, and to add x and 2x in the 
adder to form 3x. The x gate employs a transistor, since it 
must drive the adder. The output from the adder occurs late 
in the digit period and so must be retimed by delay No. 2 before 
it can operate the gates. ‘To compensate for this extra delay on 
3x, delays Nos. 3 and 4 are inserted in 2x and x, respectively, 
with the additional advantage that the transistors which operate 
the gates (delays 2, 3 and 4) have no other load imposed on 
them. 


(9) THE STORAGE SYSTEM 


Magnetostrictive delay lines8.9 were chosen as storage elements, 
because they offer many advantages over other forms at the 
operating frequency of the multiplier, stores using these delay 
lines being physically robust and cheap and easy to construct. 
The delay elements themselves have the advantage of being 
insensitive to external electric and magnetic fields and to normal 
changes in temperature. They provide an easily adjustable delay, 
and access is possible at intermediate points. 

The delay-line element is basically as shown in Fig. 22. It 
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Fig. 22.—Delay line. 


consists of a length of nickel wire with two coils, separated by a 
distance d, wound upon it. A pulse of current, as shown in 
Fig. 22(5), is fed into the sending coil S, which causes a contrac- 
tion of the material immediately inside the coil. The resulting 
disturbance is propagated along the wire as a stress wave with a 
velocity c = E/p, where E is Young’s modulus, p is the density 
and c is the velocity of sound in nickel, and arrives at the 
receiving coil R at a time ¢ (= d/c) later. The permeability of the 
nickel at R is changed by stress, and so the stress wave causés the 
induction threading the coil R (due to the magnet M) to change 
momentarily, resulting in an output pulse, as shown in Fig. 22(c). 

Fig. 23 is a block diagram of the system used to regenerate and 
retime the output pulses and feed them back into the input. 
It comprises an amplifier for raising the level of the received 
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Fig. 23.—Block diagram of regenerative loop. 


pulses sufficiently to actuate a trigger stage (the retimer), 
a squaring stage to isolate the amplifier from the retimer, 
retiming stage to synchronize the circulating pulses to the clock, i 
and a sending stage to convert the output of the retimer into ‘ 
current pulses for injecting into the line. 
‘| 
(9.1) The Sending Circuit ii 
The sending circuit (Fig. 24) is the basic regenerative amplifier |, 
of Fig. 4, except that the sending coil is in series with the collector 
and the collector supply current has been increased. 


Fig. 24.—Sending circuit and waveforms. 


The input pulse switches on the transistor and impresses’) 
11 volts across the coil S. This coil is of relatively small induc- | 
tance and the current flowing in it rapidly increases to 24mA., 
When this happens D, cuts off and its cathode rises to bottoming | 
potential as the current in the coil continues to increase to its 
maximum value of 33mA. The duration of the “on” state is 
defined by the base coil, which resets the transistor, causing the 
collector current to fall rapidly to i,9. Since the rise-time of the 
collector current is less than 1 microsec the resulting current pulse 
of 3 or 4microsec is approximately square. 

Gating on emitter and base, as in Fig. 7, and delay, as in 
Fig. 8, can be effected on the sending transistor with no adverse 
effect on its operation. Thus gating, retiming and the formation 
of a current pulse can be accomplished by a single transistor 
simultaneously, if required. 


(9.2) The Amplifier 

The receiving coil R has an internal impedance of 300 ohms 
and supplies a short-circuit current of about 204A. To operate 
the squaring stage this signal must be increased to 5SmA at a 
similar impedance. The amplifier must therefore have a current 
and voltage gain of 250. The output from the receiving coil is 
shown in Fig. 25(a). A single 1 consists of a full-amplitude 
positive pulse between two half-amplitude negative pulses, the 


Fig. 25.—Regenerator waveforms. 


(a) Amplifier input. an 
(6) Squarer output. ‘ 


ombination being a balanced waveform. Adjacent 1’s thus 
Jonsist of alternate positive and negative full-amplitude pulses 
_pproximating a sine wave. The frequency spectrum of the 
vaveform extends either side of the pulse repetition frequency 
/f 125ke/s, from about 25ke/s to 225 ke/s. 

The choice of type of amplifier to be used (earthed-base, 
‘mitter, or collector) is easy, since the point-contact unit tends 
0 be unstable if the base is not earthed, and junction units at 


present available have no appreciable gain in any but the earthed- 


“|/pase connection at the required frequency. The junction unit 
“was chosen in preference to the point-contact unit because of its 
ch inore uniform current gain. The amplifier consists of three 
i parthed-base transformer-coupled stages. For low-frequency 
‘yperation under matched conditions, transformer ratios of about 
response, each stage cutting off in the region of 30kc/s. This is 
aused primarily by an effective RC time-constant in the collector 
“Yequivalent circuit, and by an effective base resistance which 
‘increases with frequency, although the short-circuit current gain, 
‘a, of the junction transistor remains above 0-9 up to at least 
‘600 kc/s. An alternative method is to operate the transistors as 
‘\quasi-current amplifiers with such small loads that the collector 
jtime-constant may be disregarded. The frequency response of 
ithe amplifier may then approximate to that for «. The power 
‘gain per stage is of course very much reduced by this method 
jand a compromise must be found between the conflicting require- 
‘ments of enhanced frequency response and a useful value of 
"power gain. 
| Acollector load of 5 kilohms was chosen, since it extends the 
gain of the complete amplifier well above 300kc/s, and allows a 
| reasonable value of power gain. 
) Under these conditions the amplifier consists of three trans- 
formers having ratios, and hence current gains, of 7/1, 7/1 and 
} 5/1 respectively, matched to each other by transistors each having 
|a current gain of almost unity. The current or voltage gain of 


4 design of the amplifier is reduced to the design of suitable 
t transformers. — 


(9.3) The Squarer and Retimer 


_ The amplifier output must eventually operate a trigger stage, 
_but it is desirable to present to it a sensibly linear load because 
| of its a.c. couplings. It is also desirable to square the output 
; from the amplifier to produce a signal of fixed amplitude, as 
shown in Fig. 25(d). 
The squaring stage, T, in Fig. 26, performs three functions. 
_ First it presents a fairly linear load to the amplifier, since the 
_ emitter of T, conducts when the input is positive and conducts D, 
| when it is negative, resulting in an input impedance of approxi- 
mately R,. Secondly, it produces a square output having a 
fixed amplitude even though the input amplitude may vary. 
Thirdly, spurious signals due to unavoidable reflections from the 
_ terminations of the delay line are biased off by the small positive 
voltage on the base. A smaller transformer ratio of 5/1 is used 
for the squarer to allow for its higher input impedance. Since a 
junction transistor is used in the squarer its collector supply 
current need be no greater than 100 uA to bias off i,9, but it is 
essential to include diode D, to prevent bottoming, otherwise the 
_ transistor will not switch off in time. 
_ The output from the squarer is fed directly into the standard 
delay stage, T, in Fig. 26, for retiming to the beginning of the 
next digit period. The delay of the line is adjusted so that signal 
pulses arrive back midway between two adjacent strobe pulses. 
There is thus a half-digit-period margin of safety in either direc- 
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Fig. 26.—Squaring and retiming stages. 


tion to guard against variation of delay with temperature and 
variation of clock frequency. 


(9.4) Switching the Delay 


In the processes of setting up numbers, and of multiplication, 
intermediate access and a switched change of delay are required. 

Both requirements are very easily satisfied with magneto- 
strictive stores by placing extra sending coils along the delay 
element as required. Only one extra transistor is needed for 
each sending coil, compared with the five required for each 
receiving coil. Intermediate coils do not affect the transmission 
properties of the line. 

The switching of delays is accomplished by gating on the 
sending transistors. 


(9.5) The Set-up Store 


Intermediate access is necessary in the set-up store (Fig. 16) for 
the reasons mentioned in Section 7. Referring to the block dia- 
gram of Fig. 27, the two entry points to the line are constituted by 
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Fig. 27.—Set-up store. 


the two sending transistors S, and S,, separated by 8 digit periods 
and connected to the number generator by switch b. When the 
number generator is connected to S, the number will circulate in 
the normal way, S, being inoperative. When connected to S», 
however, S, will provide the regeneration, so that if the switch is 
closed for more than one circulation time S, will be putting 
digits into its coil at the same time as the same digits arrive under 
this coil from S,. This results in a double-amplitude signal at 
the receiving coil, and the amplifier must be designed to cope 
with it. 
(9.6) The xy Store. 


The xy store (Fig. 28) is provided with two sending transistors, 
S, and S,, having gating waveforms X and Y on their emitters 
so that they circulate numbers x and y respectively. The circula- 
tion time of x is thus 64 digit periods and that of y is 72 digit 
periods. 
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Fig. 28.—xy store with transfer system from set-up store. 


The number x is transferred from the set-up store by switch c 
and circulates continuously through S,.. The number y is trans- 
ferred automatically by the y gate at the start of multiplication in 
a “once only” operation by the gating waveform F on the emitter 
and “X or Y” on the base (see Fig. 14). It is thus initially 
injected by S, but subsequently circulated by S,, suffering an 
extra 8-digit-period delay with respect to x each circulation time. 
By this means the four quarters of y are made to appear in turn 
at the output of the store at time Y, in the order yp, yo, Vp. VA 
so that they can be gated out by Y, for setting up the staticizors 
(Section 8). After four circulation times the four quarters of y 
have all been gated out and y has been lost, although x remains 
circulating (Fig. 18). 


(9.7) The Product Store 


The product store (Fig. 17) has a 64-digit delay, composed of a 
63-digit line followed by a single transistor delay. This allows 
the product to be tapped off one digit period from the end to 
compensate for the extra delay suffered by x in the x, 2x and 3x 
generator. 

During multiplication it has the 8-digit delay of the adder 
chain in series with it, and reference to Fig. 18 will show that the 
resulting 72-digit delay gives the correct timing for addition of the 
four partial products. 

__ Gates A and B are controlled by waveform F, and, although 
they operate in less than a digit period, there are, in fact, eight 
digit periods available to accomplish this switching. 


(10) NEGATIVE NUMBERS 


So far, the numbers x and y have both been assumed positive, 
but means must now be discussed for dealing with negative 
numbers. 

A well-established method for representing negative numbers®7 
is by means of complements in which the positive number, 
say x, is subtracted from a larger fixed positive number to 
form the complement C(x). This complement has the charac- 
teristic that its most significant digit is always a 1, which there- 
fore provides the means for distinguishing it from the original 
positive number, the most significant digit of which is always 
made 0. Thus, if x contains n digits having the values 2° to 27—! 
then since the sum of all these is less than 2”, its complement can 
be formed by subtracting it from 2”, forming C(x) = 2" — x. 
Since 2” is merely a 1 in the nth place it can be ignored beeause 
the number x only extends to the (n — 1)th place. It follows, 
therefore, that C(x) = — x. To convert back to a positive 
number it is only necessary to recomplement, since C[C(x)] = 27 
— (2" — x) = x, the original number. The rule for complement- 
ing a number is, starting from the least significant digit, to leave 
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it unchanged until after the first 1, and from then on to inter-) 
change 1’s and 0’s. if 

There are two methods of using the complement system in a F 
multiplier: first, to design the arithmetic unit to deal with com- \) 
plements, the product itself appearing as a complement ify " 
negative, and secondly, to store the signs of the two inputs, 
convert them to positive numbers, multiply as for positive 
numbers, and then complement the product if the signs of the 
input numbers indicate that it should be negative. The first 
method does not always give the correct answer, and although 
simple correcting circuits can be devised to remedy this they 
increase the multiplication time. The second method has there- 
fore been used. 


(10.1) The Input Complementer 
(10.1.1) Logic. 


The input complementer is included in the xy store; the com- 
plete block diagram with the original store in heavy lines is shown 
in Fig. 29. The store is initially clear, and x is the first number 
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Fig. 29.—xy store, with complementing system shown in thin lines. 


to be transferred from the set-up store. When it appears at 
the output of S,, the “and” gate of A, B and PS, tests its most 
significant digit, which, if a 1, switches on the “test sign” 
staticizor. Assuming x is negative, on emerging from the delay 
line the first 1 to appear switches on the “‘staticizor gate,’ which 
in turn resets the test sign and also triggers the “delayed 
staticizor.”” The delayed staticizor waits for one digit period 
and then emits a row of 1’s._ The effect of this row of 1’s on 
the “‘not-equivalent-to” circuit is to interchange 1’s and 0’s in 
the number (x) which was previously passing through it un- 
changed. The resulting recomplement of x is then circulated by 
S,. Since its most significant digit is now 0, and the delayed 
staticizor has been reset by B’, no further complementing takes 
place. 

The number y is fed into the xy store when multiplication — 
begins and appears at the output of S,, where its sign is tested as_ 
with x. At this moment, however, x is just emerging from the 
delay line, and, to prevent it being complemented in response 
to the sign digit of y, inhibits X and F are applied to the staticizor 
gate. The number y is complemented, if necessary, on emerging 
from the delay line and thereafter is circulated by S, as explained 
in Section 9.6. 


(10.1.2) Circuits. 

Each of the four blocks comprising the complementer uses one 
transistor, and since they are interconnected it is convenient “a 
have them all at the same low voltage level. ; 


} 


plished by the x-sign staticizor. 


| The test sign transistor is the basic circuit of Fig. 4 with the 
“and” gate of A, B and PS, on its emitter and the transformer- 
“teset of Fig. 5(a) on its base. The staticizor gate has gating on 


‘yboth emitter and base and is reset by its base coil after one or 
i two digit periods. 


The delayed staticizor circuit is shown in Fig. 30. Basically 


Fig. 30.—Delayed staticizor. 


| it is the delay stage of Fig. 8 but has an additional diode, D,, 


connected from the collector to the input circuit. An input 


| pulse on the anode of D, will cause an output pulse to be pro- 


duced in the next digit period. This output pulse is then fed 


| back through D, and provides the next input pulse, and so on, 
| so that the circuit emits a continuous row of 1’s. 


: To reset the 
circuit the memory capacitor C must be discharged, and this is 


_,accomplished by the waveforms on the cathode of D, and the 
| anode of D¢.. The cathode of D, is clamped to earth potential 
between strobe pulses by a high-level version of the strobe, 


‘which has no effect on the operation of the circuit until a B’ 
pulse arrives on the anode of D;. This B’ pulse occurs between 
‘two adjacent strobe pulses and takes the anode just above earth 


_ potential, which discharges the capacitor and destroys its memory 


since its other plate is simultaneously clamped at earth potential 


The “‘not-equivalent-to”’ circuit in Fig. 29 is identical to T, in 


| the adder of Fig. 21. 


) 
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(10.2) The Product Sign 


The sign of the product is determined by whether the signs of 
the inputs are like or unlike, and this information is supplied by 


- the circuit shown in Fig. 31. 


ax SIGN STATICIZOR 


FROM TEST SIGN 


UNIT SHOWN 
IN FIG. 29 


Fig. 31.—Block diagram of product-sign unit. 
Since one of the numbers, x, may be retained for repeated 
multiplication, its sign must be remembered, and this is accom- 
Its base circuit consists of a 
current supply and catching diode, and it is triggered on by the 


- sign digit of x, if it is negative, but not by y, since F inhibits it. 


I 


1, 


When multiplication begins, a single sample of the sign of x is 
- obtained by “(x sign) and Y, and F not Y,” which switches on 
the product-sign transistor if x is negative. The product-sign 


transistor, together with its turn-off transistor, comprises a 


\ 
) 


hhalver similar to that of Fig. 10 in that both transistors are 
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mutually inhibiting. The sign of y is applied directly to this 
halver, and if y is negative the state of the halver is changed. 
The “and” gate, controlled by F, prevents x being fed directly 
to the halver. The output waveform of the product-sign circuit 
is thus positive if the input signs are different and negative if 
they are the same. 

No provision is made for actually complementing the product, 
since it is assumed that the external computer has facilities for 
either adding or subtracting the product into its accumulator, 
depending on whether the product-sign output is at negative or 
positive potential. 


(11) CONSTRUCTION AND RESULTS 


No attempt was made to miniaturize the equipment, the circuits 
being constructed on tag boards 20 in long by 2:5 in wide mounted 
on a Post Office type relay rack. The three magnetostrictive 
delay lines are mounted vertically on a separate rack together 
with their amplifiers. 

The complete multiplier comprises 96 transistors, 568 crystal 
diodes, 74 coils, 373 resistors and 117 capacitors. The ratio of 
crystal diodes to transistors (about 6) is roughly the ratio of 
their cost. The currents supplied by the plus and minus 50-volt 
lines are 200mA and 760mA respectively, resulting in a total 
power consumption of approximately 50 watts, an average of 
about 0-5 watt per transistor. 

To test the multiplier some specimen multiplications of signed 
32-digit numbers were tried on both the multiplier and a Ferranti 
computer. The results were in agreement in each case. 

During seven months of daily operation, only three transistors, 
all point-contacts, have failed. Two of these failures took the 
form of a collapsed output characteristic, which may have 
been caused by overloading although no evidence of this was 
found. The third transistor acquired an i,, of 3mA, but func- 
tioned perfectly when transferred to a circuit incorporating a base 
coil. Although only one such fault has occurred in the multiplier, 
it has been found that transistors left on the shelf are prone to 
this form of deterioration. 

The wiring of the transistor circuits has proved to be 
extremely simple. This is primarily due to the absence of 
heaters and valve bases, but also arises partly from the low 
output impedance of the transistor regenerative amplifier, which 
enables stray capacitances largely to be ignored and the equivalent 
of the cathode-follower in valve circuits to be dispensed with. 


(12) CONCLUSIONS 


The use of powerful clock waveforms, generated by valves, 
simplifies design problems and allows the transistors to be 
operated well below their maximum power rating. It is thought 
that the low transistor failure rate is largely the result of under- 
running them. 

The results also appear to have justified the use of base coils. 
If the operations of the circuits of Figs. 2 and 4 are compared, 
that of Fig. 4 is found to require a smaller triggering current and 
is also reset more rapidly. In addition to this, the circuit which 
has the base coil is virtually unaffected by any increase in i,g 
caused by deterioration on the shelf, by temperature or by 
the residual effects of hole storage when in operation. In fact, 
transistors of either LS737 or OC51 type will operate equally well 
in any circuit in the multiplier which embodies a base coil, 
without selection, and this in spite of the relatively high operating 
frequency of 125kc/s. 

Although no estimate of long-term reliability can be made on 
the basis of seven months’ operation, the short-term reliability of 
the point-contact transistor appears to be very good, and it is 
thought that this reliability, coupled with its versatility and 
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adequate frequency response, enables a good case to be made out 
for the continued manufacture of such transistors. 
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(15) APPENDICES 


(15.1) Magnetostriction 


It has been shown by Joule, Villari and others that certain 
materials exhibit a change in length upon application of a 
magnetizing force, and that the reverse effect is also present, 
namely that a stress applied to such a material produces a change 
in its magnetic state. If a polarizing force is applied in such a 
case, the change in magnetic state may be detected by the change 
in induction in the material. 


(15.2) Application to a Delay Line 


The effects of magnetostriction may be utilized in the con- 
struction of a delay line. The delay is obtained by converting 
electrical pulses into magnetic pulses, and thus into stress pulses, 
which are propagated at the speed of sound in the material, and 
are then detected by means of the reverse magnetostrictive effect 
and reconverted into electrical variations. The delay is entirely 
dependent upon the length and physical properties of the material. 
A practical arrangement is shown in Fig. 22. Two coils are 
wound longitudinally around a wire made of nickel, which is 
strongly magnetostrictive. If a step input of current is con- 
sidered [Fig. 32(a)] it can be seen that a square stress pulse of 
physical length 1, is formed under the coil. This is propagated 
along the wire and appears as a square pulse (5) of duration /,/c 
under any single turn of the receiving coil. This produces a 
change in induction in the coil corresponding to the shape of 
the pulse, which is differentiated and appears as a voltage (c) in 
the coil. Integrating over all the turns in the coil gives the wave- 
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form (d). By inverting these waveforms the effect due to ther 
negative-going edge of a square pulse of input current may bel 
obtained, and added to Fig. 32, as shown by the dotted lines.” 


c 


(a) A 0 
STRESS ¢ 
(b) 
EMF. IN. LTURN OF 
OUTPUT COIL 
(c) 
i] 
v. (4) 
EMF INTEGRATED 
OVER WHOLE 
LENGTH OF 
OUTPUT COIL 


Fig. 32.—Magnetostrictive delay-line waveforms. 


By making 7 (the input pulse width) equal to /,/c, the negative 
pulses may be made to superimpose, giving double-amplitude 
negative pulses. Also, by making 1, =J, the time wasted 
between positive and negative parts of the output pulses is 
eliminated. 

In practice, the polarity of the output pulse is reversed and || 


the positive part detected [Fig. 33(@)]. 
©) 
Fig. 33.—Optimum timing of adjacent pulses. 


@® 
(a) Single pulse. 
(b) Positioning of adjacent pulses for optimum timing. 
(c) Resultant waveform. 


It should be noted that pulses may be packed so that their 
negative parts overlap (6) without any loss in height of the 
positive portions (c). 


(15.3) Design of the Delay Line 


In order to increase the efficiency of the delay line a stranded 
form of construction was used. Owing to skin effect, the outer 
portions only of the wire are magnetized at the frequency of 
operation. A larger surface area obtained by the use of wire 
of heavier gauge would be advantageous, but might give rise to 
unwanted modes of propagation if the wire diameter approached | 
the dimensions of the component wavelengths of the stress. It 
is desirable, therefore, to keep the diameter as small as possible 
and to obtain the necessary surface area by using a stranded wire. 

It was decided to use 100 strands of 0:004in-diameter nickel 
wire as satisfying the above conditions. Above 100 strands the 
gain in output tends to fall below the theoretical value, and the 
line tends to become physically unmanageable. 

Stress pulses are propagated best in hard-drawn material, since — 
there is little dispersion and the attenuation is slight. The 
magnetostrictive effects, however, are stronger in annealed 
material by a factor of nearly 1:7. To combine the advantages 
of both states, hard-drawn material is used and the portions 
under the coils are annealed. This gives a total increase in 
output of three times that in the hard-drawn state. 

An acoustic delay line is similar to an electric one in that 
reflections occur at the ends. To overcome this, the pulses 
approaching the ends of the wire are passed through synthetic — 


)yiubber damping pads clamped about the wire. These pads 
ra the reflected pulses have passed through the pads a second 
ime they are reduced to negligible proportions. 

To aid the suppression of echoes, the portions of line between 
‘ach coil and the end are annealed, producing further attenuation. 
A certain cancellation of echo is also obtained by clamping half 
‘he strands at the ends and leaving the other half free. The 
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echoes produced at these terminations are of opposite sign and 
tend to cancel out when passing through the coil. 

The coils must have their lengths accurately determined to 
match the input pulse, and they should also be highly efficient 
magnetically, since low levels of current and voltage are to be 
used. They are therefore fitted with ferrite core materials to 
direct all the flux into the wire, and also to define the edges of 
the field exactly. 


| 


Mr. F. W. Taylor (at Manchester): Since everyone is becoming 
more and more conscious of the noise emitted by electrical plant 
‘/and machinery generally, manufacturers are being compelled to 
give serious consideration to new materials and techniques for 
its reduction. The old methods are no longer satisfactory, and 
a much closer study of the fundamentals involved, such as the 
material characteristics, is essential. 

I agree that there is a distinct lack of data suitable for use by 
the engineer called upon to solve these noise problems. The 
“makers of sound- or vibration-absorbing materials have so far 
only published static characteristics. Consequently, users are 
compelled either to base calculations on these, very often with 
disappointing results, or, if they are sufficiently knowledgeable, 
_to make a more or less intelligent guess at the dynamic properties. 

In their previous work the authors have warned of the dangers 
of using the wrong figures, and the results of the tests outlined in 
the paper show how misleading calculations based on the static 
figures could have been. For example, assuming a frequency of 
-100c/s, which is generally the fundamental frequency for most 
magnetically generated noise and vibrations, the ratio of the 
_ dynamic to the static stiffness is about 2 for soft rubber, about 
3 to 4 for the synthetic rubber tested and over 6 for cork when 
the static loading is only 601b/in*. With other materials the 
_ ratio is even higher. 

I would therefore ask that manufacturers of resilient and 
absorbent materials make the fullest possible use of instruments 
| and test gear such as the authors describe, and so obtain a proper 
_ appreciation of the effectiveness of their products. This should 
enable them to develop new and better materials and to supply 
their customers with more practical information. Also, since 
transformers and electrical apparatus generally are expected to 
remain in position for many years, it would be an advantage if 
the makers would give some idea of the creep properties and also 
of how the static and dynamic characteristics are likely to vary 
over the years. 

It is essential that the framework, which is not given much 
attention in the paper, should be exceedingly rigid, otherwise 
misleading results are obtained. 

When any material is being tested, the question of the 
‘repeatability of the results and representative sampling always 
arises. To what degree of accuracy can the dynamic stiffness be 
measured? How consistent are the results on any given sample, 
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and what variations in properties of different samples of the 
same material were encountered in the materials covered in the 
paper? 

In Figs. 5-10 special attempts were made, of course, to keep 
the waveform of the driving force pure. Since most noise consists 
of a fundamental and several, if not many, harmonics, would it 
not be possible to test the samples with a complicated waveform 
and so get a more useful figure for the dynamic stiffness ? 

All the tests mentioned in the paper were carried out in air. 
In a transformer, however, where the core is mounted in the tank 
on pads of resilient material, the pads are surrounded by oil, 
which is really in parallel with the resilient material. Would the 
oil invalidate any calculations based on the properties obtained 
with the machines? In other words, how would the performance 
of the material be affected by the oil? There is no doubt that the 
effect of pads of a given material differs according to whether 
the transformer tank is filled with air or oil. 

Mr. G. H. Hickling (at Newcastle upon Tyne): Although my 
experience of resilient mountings has been much more restricted 
than that of the authors, I have occasionally employed rubber 
and similar supports, mainly for the purpose of protecting 
delicate equipment against outside sources of vibration. There- 
fore, tests have been made on various rubbers, felt, granulated 
cork, etc., using somewhat simpler measuring devices than those 
described in the paper. 

I have used a test instrument for rubber-sheet samples 
essentially similar to that of Fig. 10 in Reference 2 of the paper, 
except that standard crystal-type accelerometers were used for 
displacement measurements, which were restricted to resonance 
conditions. It was deliberately arranged to test comparatively 
stiff flat-sheet specimens in order to determine the properties of 
the material independently of the shape effect due to bulging at 
the edges. Thus the test frequencies were necessarily high, and 
ranged, with three masses available, from 600 to 2000c/s, Under 
these conditions rubber ‘of a Shore hardness of 70 gave extremely 
high ratios of dynamic to static stiffness, which exceeded 10 and 
which remained almost constant throughout the above frequency 
range. 

For the purpose of studying the behaviour of rubber at lower 
frequencies (1-10c/s), another very simple test equipment was 
used, comprising a heavy steel beam arranged to see-saw on a 
small roller and restored to the horizontal position by the pair of 
small rubber blocks under test, which were placed beneath it on 
either side of the fulcrum. Adjustable packing under these 
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blocks enabled the desired static compression to be obtained. 
The natural frequency of this system is readily adjustable over a 
wide range by varying the distance of the test blocks from the 
fulcrum. With this apparatus and with samples of more nearly 
cubic proportions, it was found that the dynamic/static stiffness 
ratio still ranged between 2 and 4, depending on the static loading, 
and tending towards the upper limit at the maximum frequency 
of 10c/s. 

The standing-wave, or self-resonance, measurements described 
in the paper are of special interest in relation to noise trans- 
mission. The statement in Section 8.2 implies that the transmitted 
force factor of approximately 7 results principally from the 
damping of the material, i.e. from the magnification factor of 
the resonance curves (see Fig. 12). The low-frequency curves, 
however, all show increasing stiffness with frequency. To what 
extent, therefore, can this increased force transmission be 
attributed to the properties of the rubber itself as distinct from 
resonance effects ? 

Mr. H. J. Bernhard (at Newcastle upon Tyne): A good deal of 
work has been expended on the design and development of the 
apparatus used for these rather important tests, and I only 
wish that the results of more tests could have been given and 
trust that further experiments will be made with the apparatus. 

An instrument was developed on exactly the same principles 
by Costadoni* in 1936. I do not recollect the dimensions of the 
specimens he investigated, but some of his test results agreed 
very well with those obtained by the authors. He found dynamic 
stiffnesses up to 20 times higher than the static stiffness. He also 
mentioned that there is a certain static load for average rubber 
and cork which gives the best damping effect. The load is about 
1001b/in?, and it agrees very well with Fig. 8(6), although not 
so well with Fig. 9(d). 

The dynamic tests shown in Figs. 5(b), 6(), 7(6), 8(6), 9(6) 
and 10(6) were obviously made at 100c/s. Have the authors 
also made tests with varying static loads at other frequencies, and 
would they then expect the curves to be the same? If not, I 
consider that such tests should be made, because it would 
obviously be wrong to use values obtained at 100c/s for very 
different frequencies. 

Do the dynamic stiffness and magnification depend on the 
shape of the test specimens, or are the values found in the 
experiments material constants which are independent of the 
shape? Many so-called material constants do, in fact, vary with 
the dimensions of the test specimen, e.g. elongation of steel, Izod 
values, fatigue strength, etc. As nobody would want to stress a 
bolt to give an elongation of 30%, the variation in elongation 
with length of steel is perhaps not so bad, and such characteristics 
are generally used to give an indication of other properties of the 
material, such as ductility. However, if a system is designed 
with a certain natural frequency it is essential that the true value 
for stiffness be known and used. This may vary considerably 
between, for example, 100in? of 4in-thick rubber sheet and a 
cube of Sinside. Although large specimens cannot be accommo- 
dated in the authors’ apparatus, the thickness of test pieces could 


* COSTADONI, C.: ‘“‘Electrodynamic Machine for Testing Damping Materials,” 
Zeitschrift fiir technische Physik, 1936, 17, p. 108. 
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be varied, and tests with varying thicknesses could be treated as | 
model tests. 

Mr. E. Meadley (at Newcastle upon Tyne): The authors mention 

“soft” rubber sheet and then quote values of 50-55 for Shore 
hardness, or even 69 (see Fig. 14). In some applications soft 
rubber is usually assumed to have values of 35-40. Perhaps the 
authors would discuss the effect of Shore hardness on stiffness. 
In particular, is the value of 100 lb/in? for static loading dependent 
upon the Shore hardness of the sample? 

Mr. R. S. Jackson, Dr. A. J. King and Mr. C. R. Maguire (in 
reply): We heartily endorse Mr. F. W. Taylor’s plea for more 
quantitative information from the manufacturers of resilient 
materials and vibration-attenuating supports on the performance | 
of their products with load, frequency and time. The apparatus | 
described can determine these elastic properties to within 3%, | 
which is also the order of repeatability of tests on samples cut | 
from the same piece of material. Tests on bonded samples of |” 
rubber are better in this respect than those on unbonded samples’ i 
owing to the more definite conditions at the loading surfaces. | 
Tests with a complex waveform, as opposed to a single frequency, | 
would be of little use, since the attenuation of a mounting varies | 


with frequency as well as stiffness. || me 


In oil two questions arise: the ability of the resilient material 
to withstand oil and the transmission of vibration through the | 
oil. Oil-resisting rubbers are available but will provide little net | 
attenuation of vibration between a transformer core and tank 
unless transmission through the oil is also reduced. 

Mr. Hickling’s experiences in testing rubber sheets are very 
interesting, especially the high values of dynamic/static ratio — 
which he found. The stiffness of a piece of rubber or other 
material at its first thickness mode is determined, like that of 
any parallel-resonant system, by the Q-factor of the system, and 
therefore, as the losses take place in the material, by the damping 
properties or Q-factor of the material. The trough between | 
the first and second thickness modes seen in Fig. 12 (6) gives 
some indication of the relative contributions of stiffness and | 
resonance to the transmission, but the factor 7 was, as stated in 
the paper, based on low-frequency data only. 

A reference to Costadoni’s paper, quoted by Mr. Bernhard, 
was given in a previous paper by one of the authors (Reference 2 
in the paper). 

The dynamic tests shown in Figs. 5(6) to 10(6) were made 
at 60c/s. For each material, measurements were made over 
the entire frequency range for three different static loads, and 
the shapes of the curves were so similar to those presented 
that it is permissible to use curves (a) to represent the variations 
with frequency, and curves (6) to act as “scaling factors.” 

Some information on the effect of shape factor is given in our 
Reference 1. 

We have never had occasion to test the very soft rubber quoted 
by Mr. Meadley as of Shore hardness 35-40. The paper is 
concerned with the apparatus and method of test, so that only 
typical test results on common resilient materials have been 
included. Many more tests on rubbers with a range of Shore 
hardness would be required to determine the corresponding. 
optimum loadings. 
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SUMMARY 


The paper describes how, by the application of negative feedback 
amplifiers and high-speed polarized relays, new methods of per- 
hy orming the commoner electrical and magnetic measurements in 
wi) POwer engineering have been developed. Examples include the 
application of amplifier techniques to the measurement of power and 
woltage, and of high-speed relays to the measurement of speed fre- 
““Vquency and the slip frequency of induction motors. In a Section 
ie ‘on industrial magnetic measurements, apparatus is described for 


‘specimens; while a new approach to routine permeability measure- 
/ments is given. The paper concludes with an example in the field 
of dielectric measurements—the rapid measurement of the power-~- 
factor of insulation samples. 


LIST OF PRINCIPAL SYMBOLS 


| Since the paper describes a variety of measuring instruments, 

the symbols are, in general, those in normal use for each purpose, 
‘| and are explained in each Section. In Section 4, however, which 
‘| deals with magnetic measurements, the following symbols have 
been used throughout: 


| ® = Instantaneous value of total flux, maxwells. 

A = Cross-sectional area of magnetic path, cm?. 

B = Instantaneous value of D/A, or apparent flux-density, gauss. 
| B = Maximum value of B. 

| H = Instantaneous value of magnetizing force at specimen 
surface, oersteds. 

| = Maximum value of H. 


(1) INTRODUCTION 
| The paper has been written with the object of surveying the 
| field_of electrical measurements in a single industrial organiza- 
_ tion, in order to record the more important developments which 
| have occurred during the period beginning about 1939. 
The apparatus described is in no instance of a research nature. 
| Every example has been developed for, and by, the testing 
| organization of a large electrical manufacturing concern. Hence 
| the emphasis throughout is practical. Several of the instru- 
| ments are used by unskilled operators, and all are in regular 
operation, mostly under factory conditions. 


(1.1) Scope and Omissions 


The paper is restricted to the more common measurements in 
power engineering. It omits a number of subjects, such as 
‘Strain-gauge, temperature and vibration measurements—which 
have been exhaustively treated elsewhere—and special apparatus 
which is not of general interest or application. 


(1.2) General Approach 


The most important single change which has come about 
during the period under review has been the introduction of 
electronic techniques, which before 1940 were regarded among 


Mr. Edmundson is with the British Thomson-Houston Co., Ltd: 


Paper No. 1703 M 
Sept. 1954 


ELECTRICAL AND MAGNETIC MEASUREMENTS IN AN ELECTRICAL 
ENGINEERING FACTORY 
‘By D. EDMUNDSON, B.Sc.(Eng.), Member. 


The paper was first received 27th February, and in revised form 29th April, 1954. It was published in September, 1954, and was read before the 
MEASUREMENTS SECTION Ist February, the NORTH-WESTERN MEASUREMENTS GROUP 22nd February, and the NORTH STAFFORDSHIRE SUB- 


measurements engineers with universal suspicion. One of two 
conditions has been observed in all applications. In handling 
measurements of frequency or speed, amplifier distortion is 
seldom harmful, for the form, amplitude or phase of the output 
is usually immaterial, while no amplifier, however non-linear, is 
likely to alter the frequency of the signal. In all other measure- 
ments, sufficient negative feedback has been included to eliminate 
any question of the measurement being dependent on valve 
characteristics or supply voltage. 

One other component which has been widely used, but which 
is not a feature of textbooks on electrical measurements, is the 
polarized relay. After considerable use of various home-made 
designs, the author has found the Carpenter relay, when cor- 
rectly used, ideal for all his applications. Although referred to 
briefly by Casson and Last,! little has been written about the 
convenience of a sensitive relay which will operate at frequencies 
up to 500 c/s and act as a mechanical rectifier, inverter or con- 
denser charger with equal success. Its availability has opened 
up as many fields of measurement as the valve amplifier itself; 
its versatility is well illustrated in the course of the paper. 

Perhaps the most striking contrast with measurement inno- 
vations of the past, however, lies in the tendency to construct 
new measuring apparatus of standard components rather than 
to develop essentially new instruments. Little demand, in the 
subject-matter of the paper, is made on the skill of the instrument 
maker. 

(2) MEASUREMENTS OF ELECTRICAL QUANTITIES AT 
POWER FREQUENCIES 

Current, voltage and power are the three quantities whose 
measurement is common to the whole field of electrical engineer- 
ing, and for a long time highly accurate a.c. instruments and 
instrument transformers have been available. There is, however, 
a wide field where difficulties arise in their use even at power 
frequencies. An essential condition of all measurement work 
is that the introduction of measuring apparatus must not disturb 
the system being measured. This is equally true, say, of tem- 
perature or speed: the power consumption of the instruments 
must be negligible compared with that of the quantity being 
measured. This condition cannot be met when measuring the 
consumption of small motors, lamps and so on; nor is it usually 
possible to wind wattmeters for the low voltages frequently 
encountered. 

These difficulties can be completely overcome by the use of 
an amplifier to supply the voltmeter and the voltage coil of the 
wattmeter. Careful désign ensures that the accuracy is not 
diminished, but rather the reverse—for a series resistor is not an 
ideal device for regulating the current in a wattmeter moving- 
coil. The real advantage of the amplifier for this purpose, apart 
from its high-impedance input, lies in the fact that the “load’’— 
i.e. the instrument—has a negligible influence on the current 
passing. 

(2.1) Standard Wattmeter Amplifier 

Amplifier wattmeters have been designed in the past,?»? but 

have not found general acceptance. The circuit shown in Fig. 1 
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Fig. 1.—Wattmeter amplifier. 


is of universal application, although first used for magnetic 
measurements. It might be described as an amplified cathode- 
follower. The wattmeter voltage coil and the feedback resis- 
tance are connected in the cathode circuit of V3, whose grid is 
supplied by a 2-stage direct-coupled amplifier, the input to which 
is the difference between the input voltage and the voltage 
drop across the feedback resistor, Re,. A condenser diverts the 
d.c. component of the cathode current of V3 through a tetrode, 
V4, connected in such a way that its a.c. resistance is enhanced. 
In effect V4 acts as a high-efficiency choke without phase-shift. 

The input to V1, which is the error, is usually about 1 mV for 
an output current of 20 mA (the current for which commercial- 
wattmeter moving-coils are normally designed). If, therefore, 
the amplifier is designed for an input of 1 volt or more—or in 
other words, if the value of the feedback resistor is at least 
50 ohms—the errors whether of ratio or phase do not exceed 
0:1%. 

The amplifier can therefore be designed for inputs of 1 volt 
upwards, and its load on a circuit is negligible. For inputs 
greater than 10 volts it is more convenient to provide an input 
voltage divider, but this also can be of such high impedance 
that its consumption can be neglected: 10 kilohms per volt is 
a convenient value. The circuit has one additional advantage: 
it saturates at an overload which is too small to damage the 
meter coil. Thus the circuit provides automatic protection. 


(2.2) Amplifier Performance and Accuracy 


The simplest method of checking the performance of the 
circuit is shown in Fig. 2. In a wattmeter with a 5-amp current 


230 volts 
d0c/s | 6 


Fig. 2.—Calibrating circuit for amplifier wattmeter. 


Amplifier 


Moving coil 


coil, and an amplifier designed for a 5-volt input, appropriate 
values for R and M would be 1 ohm and 3-18 mH respectively. 
If R is short-circuited, the mutual inductance applies the designed 
input voltage in exact quadrature, and although both coils carry 
their rated currents, the instrument should not deflect. If the 
primary winding of M is short-circuited, the instrument reads 
the power lost in R, which can be accurately known. By the 
application of this test, an instrument designed for 50-c/s use 
shows no readable phase-angle error up to 2 000 c/s, nor ratio 
error up to 5000c/s. A reduction in the value of C (Fig. 1) 
can provide for higher frequency ranges if desired. The per- 
formance is unaffected either by valve exchange or by stipply 
voltage variations. The stabilized power supply is included, not 
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because the amplifier is sensitive to h.t. voltage variations, bi 
because a low anode-supply impedance is essential. \ 


(2.3) Application to Light-Power Measurements i 

The most immediate use of the amplifier wattmeter lies i 
light-power measurements. For this purpose the circuit showi 
in Fig. 3 is being adopted as a universal measuring set. / 


Amplifier 


Fig. 3.—Combination measuring unit. 


milliammeter in series with the wattmeter voltage coil is calibratec 
to read in volts. Any convenient ranges can be employed—foi 
example: 


Volts 1 4/10) 10 10s/10) 100 100,/(10) 


Amperes »/(10)/10 1 +/(10) 10 10\/(10). 
Watts - varying from 0-3 to 30 000. 


1 000. 


It will be noted that the high-resistance voltage divider which 
supplies the wattmeter voltage-coil is connected direct across the 
load, while the current ranges are obtained from a current 
transformer with a tapped primary winding. 


(2.4) Measurements at Low Power-Factors 


} 

There is one particular field of measurements for which 
ordinary wattmeters are unsuitable even when the power is large.| 
At low power-factors, the small deflection with rated current 
limits the accuracy of reading. A.C. bridges, although widely! 
used where an impedance measurement only is required, are 
inconvenient when a load has to be set to a definite value (as in. 
short-circuit tests on transformers), and not well adapted for! 
either ferromagnetic or polyphase work. 

For such applications the amplifier wattmeter, used with a. 
backing-off mutual inductance, is highly convenient. Fig. 4 


WwW 
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| 
| 
| 
Fig. 4.—Low-power-factor measurement. | 
‘ 
shows the connections for measurement of a substantial load | 
where instrument transformers have to be used, together with 
a vector diagram in which, for simplicity, transformer and 
voltage-divider ratios have been omitted. V,, the resultant input: 
to the amplifier, has been shown slightly out of phase with J, 
since the exact value of M is immaterial. Sincé the wattmeter 
is now working near unity power-factor a substantial deflection 
can be obtained. The use of a toroidal mutual-inductance in 
the primary circuit virtually eliminates phase-angle errors in the 
current transformer; while the voltage transformer, working on 
open-circuit, can be designed with very low errors indeed. 
Although drawn for single-phase use, this method can be 


’ adily applied, to the 2-wattmeter method of power measure- 
ent, using a polyphase wattmeter. 


_ G) MEASUREMENT OF SPEED AND FREQUENCY 
|Speed, or angular velocity, is perhaps the most important 
zasurement which is common to mechanical and electrical 
gineering. Although any desired degree of accuracy is 
fainable by chronometric methods, the use of these demands 
i period of time far greater than would normally be acceptable 
f it were considered as the period of an indicating instrument. 
“or remote indication, electrical tachometers are common; but 
heir accuracy is limited by that of the tacho-generator, which is 
1 rotating machine, by a commutator, or by rectifiers. 

_ If, however, an instrument is used to measure the frequency, 
ather than the voltage, of an a.c. tacho-generator, both it and 
he resistance of the leads to the instrument cease to have any 
ffect on the accuracy of measurement. This was the con- 
ideration that gave rise to the development of a series of instru- 
nents, which, although in themselves frequency meters, are more 
ften used for the measurement of rotational speed, 

The instruments to be described all derive from Maxwell’s 
~ommutator bridge. Developed by Clerk Maxwell to measure 
n electromagnetic units the capacitance of a condenser whose 
apacitance in electrostatic units had been determined by men- 
uration, in terms of known resistances and a constant value of 
requency, the “commutator bridge” is here used with a known 
apacitance to measure an unknown frequency or speed. 
Although described by Maxwell+ in almost non-mathematical 
erms with his usual clarity of language, simple in conception, 
apable of the utmost accuracy, convenient and versatile, the 
‘ircuit has been much neglected. It has even been suggested5 
hat it is not suitable for high accuracy without modification. 
These misconceptions are readily removed when Maxwell’s 
riginal treatment is studied. 

Before describing three instruments, selected as illustrating the 
ersatility of the method, a short summary of its theory, common 
lesign features, and general advantages is given in Section 3.1. 


(3.1) Theory of Maxwell’s Commutator Bridge—Balanced and 
Unbalanced 


Maxwell pointed out*+ that a succession of impulsive currents 
ybtained by charging a condenser, C, n times a second from a 
yattery, would produce a mean current in a moving-coil galvano- 
neter of the same value as a resistor R, 


(Circuit resistance measured from condenser 


R=5- 
nH terminals) 


vhere 


Je therefore placed the condenser and its charging device in 
me arm of a Wheatstone bridge: in Fig. 5 the condenser is 


Fig. 5.—Maxwell’s commutator bridge—elementary circuit. 

lischarged through an auxiliary resistor by a polarized relay, 
vhereas Maxwell used a reversing commutator, but there is no 
ifference in principle. The mean galvanorieter current will 
iow be zero when R/S = P/Q, using the symbols of Fig. 5; 
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while, if the resistance of the battery is negligible and that of 
the galvanometer is G, 


PO 
at P+ot?)s 
aCe POLE ee smash) 
Page 


This expression is correct only if the condenser is allowed to 
charge completely at each operation of the polarized relay, a 
condition which can be met if the fraction on the right of 
eqn. (1), i.e. the circuit resistance, is small compared with 1/nC. 
Its evaluation is therefore no more than a matter of mental 
arithmetic. The expression for bridge balance due to Sir J. J. 
Thompson,® which is commonly quoted but which is far less 
convenient, can be readily derived from eqn. (1) by algebraic 
processes. 

If the components of the bridge are arranged to provide 
balance at some charging frequency 1, then the galvanometer 
current at any other frequency is 


3 QO n 
ig =V. 1 ) dda 

OP AG = SP =O) PPO No 2 
assuming again that the battery resistance is negligible. The 
galvanometer current is linear in frequency, and proportional to 
the difference between the frequency being measured and some 
other arbitrary frequency. 


(3.2) Method of Application and General Design 
Considerations 


The circuit can be used in two ways. As a null device, the 
value of n can be measured with the same accuracy as that of 
a resistance: while from eqn. (2) it is seen that, as a deflectional 
instrument, linear in speed or frequency, any desired part of a 
range can be covered in exactly the same way as with a resistance 
thermometer. In either instance the accuracy depends on the 
use of precision resistors and a stable condenser, which must 
be selected with care not only for a minimum variation of 
capacitance with temperature, but a very small residual charge 
effect—i.e. a low. power factor. There is no difficulty in 
reducing errors to less than 0-1%. 


(3.2.1) Design of Relay Circuit. 

The most convenient agent for charging the condenser is a 
polarized relay. Carpenter’s relay, already referred to, is capable 
of prolonged operation at frequencies of several hundred cycles 
per second, its coil demanding a current of only a few milli- 
amperes from the circuit being measured. The exact contact 
time is of no importance. It will be seen that the contact duty 
is light, since no current passes at the moment of “break.” 
Nevertheless, there is a danger of destructive sparking at “make” 
when the bridge voltage exceeds about 30 volts with, say, a con- 
denser of 1 wF. Even this can be obviated by the use of a 
series inductance (see L in Fig, 5) of such a value that, with the 
condenser, C, and the effective bridge resistance, critical damping 
is obtained. The current rise is now delayed until the contacts 
are “home,” while its decay is even more rapid. With this 
simple precaution and a suitable discharge resistance, a con- 
denser of 1 pF can be charged from a 200-volt supply, producing, 
at 100 c/s, a mean current of 20 mA. 

There are occasions—of which the slip-meter (Section 3.5) is 
an example—when even the small exciting current of the relay 
coil is inadmissible. It is then a simple matter to interpose an 
amplifier which reduces the demand on the circuit to negligible 
amounts. 
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(3.2.2) Design of Bridge Circuit. 

Considered as a Wheatstone bridge, the galvanometer sensi- 
tivity is bound to be low because of the requirement that either 
S or (O + G) must be small compared with R, in the interests 
of efficient charging. For maximum sensitivity, P is made 
approximately equal to S. As a deflectional multi-range instru- 
ment it is convenient, however, to make Q equal to S and 
adjust P for different ranges. As a null instrument, on the other 
hand, 7 is proportional to Q provided that the bridge resistance, 
as measured from the condenser terminals, is negligible. Although 
this condition is unattainable, it can be simulated by the use of a 
large condenser shunting S. If, then, C=10~6, and P=S 
=1 000, nm = Q, so that a scale of ohms for Q is also a scale of 
cycles per second. 


(3.2.3) General Advantages. 
The general advantages may be summarized as follows: 


(a) Since the instruments are essentially counting devices, 
their accuracy is unaffected by waveform or voltage. 

(6b) When used to measure speed, the instruments can be 
operated from any type of alternator, or equally from magnetic, 
electrostatic or photo-electric pick-ups, or mechanical contacts. 

(c) The accuracy is dependent on the values of stable com- 
ponents, and since the range of a deflectional instrument can be 
as small as may be desired, reading accuracy can be made to 
match the inherent accuracy of the circuit. 


(3.3) Mains Frequency-Meter 


This instrument is made necessary by the mains frequency 
variations common since the 1939-45 War. In the circuit of 
Fig. 6 it is seen that not only the relay-coil supply but also the 


Carpenter relay 


Input 
200/250 volts 
47/53 c/s 


Fig. 6.—Mains frequency-meter. 


bridge d.c. supply, derived by half-wave rectification, is obtained 
from the voltage whose frequency is to be measured. The 
circuit uses a pointer galvanometer. The bridge is designed to 
balance at any frequency within the range 47-53 c/s by adjust- 
. ment of a small potentiometer, which forms parts of the resis- 
tor P, scaled in frequency. It is small, portable, convenient, 
and accurate to 0:05 c/s. A number of these instruments, made 
in 1945, have retained their accuracy unaltered up to the present 
time. 
(3.4) Indicating Tachometer 

Maxwell’s commutator bridge can be used to operate an 
indicating instrument, provided either that the bridge voltage 
possesses short-term stability .or that a ratiometer is used with 
one coil in place of the galvanometer and the other supplied 
through a fixed resistance from the same source as the bridge. 

The first alternative includes a battery to supply the bridge 
and a rheostat in series with the galvanometer to adjust for 
battery-voltage variations. This adjustment resembles that of a 
resistance thermometer, in that it is made, before a reading is 
taken, under arbitrary conditions of known value. The most 
convenient arbitrary condition is zero speed, or frequency, which 
can be obtained at any time simply by open-circuiting the 
operating coil of the Carpenter relay. 

Eqn. (2) shows that the galvanometer deflection is linéar in 
speed, but that the scale of the instrument can cover any desired 
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portion of the total speed range; for m) depends solely on the 
bridge components, and the maximum value of n/7p is limitec 
only by the galvanometer sensitivity. Further, the range can be 
varied by adjusting the value of P (Fig. 5). A convenien’ 
arrangement is to provide a number of ranges such that the 
upper limit of one is the lower limit of the next: thus, an instru: 
ment reading up to 4000r.p.m. has ranges of 0-1 000, 1 000- 
2 000, 2 000-3 000 and 3 000-4 000. The effective scale length 
and the scale accuracy of the instrument, are multiplied by the 
number of ranges. 


(3.5) Slip Meter 


A special problem of unusual interest which indicates ths 
versatility of this technique is the direct measurement of the slit 
frequency of an induction motor. Although this quantity may 
be derived from the difference between actual and synchronou: 
speeds, such a procedure is cumbersome; for each must be 
measured to a degree of accuracy greater than that actually 
required by a factor which is the inverse of the proportional slip 
Thus to measure a slip of 5% with 1% accuracy requires speed 
and frequency measurement to an accuracy of 2-5 parts in 104. 

The special difficulty of direct slip measurement lies in the 
very low frequencies concerned: a range of 0-7 c/s would cover 
ordinary 50-c/s motors up to their pull-out points. In this case 
the problem has been solved by the use of a thermal instrument 
whose naturally slow response has been turned to advantage. 
Referring to Fig. 7, the condenser C is charged by the Carpenter 
relay, and discharged into the vacuo-junction of a thermal 
milliammeter, once for every slip cycle. The voltage to which 
the condenser charges is established by the striking of a stabilizing 
tube. 

In the classical theory of the Maxwell commutator bridge, it 
is an essential requirement that the torque acting on the galvano- 
meter shall be strictly proportional to the instantaneous value 
of current passing through it, so that the mean torque shall be 
proportional to the integrated current over a discharge cycle, o1 
total quantity of electricity stored in the condenser. The mean 
current passing the condenser is then 


Leon = CY ee OD 


mean 
But the alternative now adopted, of measuring the mean stored 
energy per cycle, is equally valid, and merely demands as an 
additional condition that the total resistance, R (Fig. 7), in the 


Carpenter 
relay 


Thermal 
milliammeter 
0-10 mA 


Fig. 7.—Slip-meter. 


discharge circuit shall be known. The energy stored in the 
condenser must now be equal to that dissipated in R: 
4inCV? = 22... R ot 


T,m.s, 


hans, =f Gen Res, nee 


Since the scale of the thermal milliammeter is proportional to 
I?..s» it is linear in frequency. Moreover, the r.m.s. value of 
the train of impulses greatly exceeds the mean value. For 
instance, if V is 100 volts, C is 4 uF and R is 250 ohms, then 


5 c/s the mean current is 2mA, but the r.m.s. current is 
0 mA. ‘This enables an instrument to be used which is fairly 
ust, and whose thermal time-lag is long enough for a fre- 
uency of 1 c/s not to cause very much movement of the needle. 
| The rest of the circuit of Fig. 7 is concerned with producing 
‘a slip-frequency signal of sufficient magnitude to operate the 
polarized relay. Although in principle the slip-frequency flux is 
‘confined to the rotor of an induction motor, the inevitable slight 
Variations in manufacture give rise to a small axial component 
‘which can be detected by a search coil placed near the end of 
‘the shaft. The search coil invariably picks up a much larger 
yoltage at mains frequency; before the slip-frequency voltage 
can be amplified and made to operate the polarized relay this 
is attenuated by a simple 3-stage low-pass filter. A symmetrical 
amplifier facilitates the handling of the low-frequency signal. 


(4) MAGNETIC MEASUREMENTS 


Magnetic sheet and strip are the most valuable, critical and 
variable raw materials of the electrical industry. The measure- 
ment and control of their properties is an important task in a 
works laboratory. The use of techniques similar to those already 
described has made possible the development of apparatus which 
will perform measurements in industrial conditions which have 
previously required delicate laboratory methods. 

Of all the soft magnetic material produced in this country, 
about 70% is in the form of low-silicon-content steel sheet or 
strip, used for small motors, for which accurate control of the 
properties is not essential. But for the steels and alloys used 
in transformers, and in certain classes of large alternator, the 
losses must be known with certainty before the material is 
punched into laminations; the characteristics of the core materials 
‘of instrument transformers must also be individually controlled. 

In this Section are described, therefore, first, an apparatus for 
the grading of individual sheets of transformer steel according 
to their specific loss; and secondly, an apparatus for routine 
‘Measurements on toroidal strip-wound cores. Finally, a 
description of the author’s method of performing routine per- 
Meability measurements on laboratory samples, with a discussion 
of its validity, is given as a contribution to the control of the 
large proportion of the national output of magnetic material, 
usually neglected, which finds its way into small motors. 


(4.1) A Tester for Whole Sheets of Transformer Steel 


_ Although for many purposes laboratory tests are sufficient, 
‘they are inadequate to maintain a precise control of the quality 
of silicon-iron sheets used in transformers; because they are 
destructive, they can be applied only to a small proportion of 
the material. By the nature of hot-rolling processes there is 
always a greater variability in the magnetic quality of these 
sheets than the transformer designer is able to accommodate. 
It was to meet this state of affairs that a whole-sheet loss-testing 
apparatus has been designed. Models have now been in regular 
use for several years. 

Previous testers which would accept entire sheets of magnetic 
steel, such as those due to Richter,7:8 Schenck? and Sankey, 
differed from ordinary laboratory testers only in size and com- 
plexity. There is no new principle involved in the extension 
of standard methods of test to sheets measuring 8ft x 3ft if 
laboratory methods are permissible. In the present instance they 
were not. In particular, the rate of testing had to be far too 
Tapid to allow of the sheets being weighed. The essential problems 
to be met were, therefore, first to provide some compensation for 
variations in sheet thickness; secondly, to ensure uniformity of 
flux density over the portion of the sheet whose losses are being 
Measured without resort to any sort of assembly process; and 
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thirdly, to replace the sensitive instruments of the laboratory by 
robust panel-mounted types for workshop use, and the manual 
adjustments customary therein by automatic controls. 


(4.1.1) Mechanical Construction. 


An idea of the general construction and magnetic circuit can 
be obtained from Fig. 8. Sheets on a conyeyor belt pass through 
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Fig. 8.—Whole-sheet tester. 


a flat open-ended coil which has six sections in parallel. As in 
the Churcher or modified Epstein tester, therefore, the flux 
density in the two central sections—a length of 40in—is remark- 
ably uniform. The conductor section is graded, so as to give 
approximately uniform current density in all sections. Fig. 8 
includes a typical flux-density distribution curve at B = 13kG 
in the centre. Secondary coils to supply the wattmeter and 
voltage-control circuits are wound underneath the primary 
winding on the two central sections. 


(4.1.2) Measurement of Loss. 

Loss is measured in the portion of the sheet which lies within 
the two central sections of the coil, by supplying one element 
of a dynamometer wattmeter from the current in these two coils 
only (through a current transformer), and the other, through an 
amplifier, from one of the secondary coils. This is shown in 
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Fig. 9.—Whole-sheet tester—basic circuit. 


Fig. 9. The amplifier, essential because the total loss is only a 
few watts, is that described in Section 2.1. Automatic protection, 
which short-circuits the current coils if these are overloaded, is 
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added: a high-speed relay is operated from the amplified voltage- 
drop across them. This is essential, for if a gap should inad- 
vertently appear between sheets the current in the primary 
winding would rapidly rise to a value quite sufficient to burn out 
the current coil of the wattmeter. It is, however, usual to operate 
the tester with the conveyor moving continuously and a slight 
overlap between successive sheets. 

This overlap has been shown in an intentionally exaggerated 
way in Fig. 8; the sheets are, of course, actually flat. 


(4.1.3) Compensation for Thickness Variation. 

Since our measurements can only be of total flux and loss, 
whereas we require to know—indeed, to set—flux density and to 
measure watts per pound, we must have some way of arriving 
at the cross-section’of the sheet. Although the width is carefully 
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While it is convenient to be able to allow the coil to includ 
a substantial area of non-magnetic material, it is also as wel 
to provide for some adjustthent. The mean secondary voltag 
of a mutual-inductance whose primary winding carries th! 
current of the central, or measuring, sections of the tester, is alsi 
proportional to H. The tester coil is therefore made smaller i. 
area than is necessary for complete compensation, and a voltag 
from a variable mutual inductance added in addition. 

In practice, the compensation is set by trial and error, th’ 
value of mutual inductance being adjusted until the wattmete 
reading is independent of sheet section over a wide range. Fo 
this purpose it is best to take a thick sheet, and shear portion: 
from its width, adding these into the coil one at a time anc 
checking the wattmeter reading. Table 1 gives a typical Tela] 
tionship between total loss reading and sheet section. 


Table 1 | 


WHOLE-SHEET TESTER: EFFECT OF VARIATION OF SHEET SECTION 


Cross section of sheet, % 


95-5 


Wattmeter indication, % 


105 


100 99-6 


controlled, the thickness must be expected to vary between limits 
of at least +10% of the nominal value. If, therefore, we were 
merely to set our secondary voltage to a value corresponding to 
the nominal cross-section for a given flux-density, our actual 
fiux-density would vary between the same limits, and the indicated 
specific loss would be in error by much the same amount; for 
a variation of x % in section would result in a variation of —x% 
in B, approximately —2x°% in total loss (which varies nearly as 
the second power of B), and (—2x + x) = —x% in indicated 
watts per pound. 

The method of compensation for this effect, while approximate, 
works well. If we denote by B, A, A; and A, the values of 
maximum flux-density and magnetizing force, cross-section of 
sheet and of coil air-space respectively for a sheet of nominal 
thickness, then the mean induced secondary voltage is 


Vy =m f(A,B + A,A) x 10-8 


where m2 and f are the secondary turns and frequency. If V, is 
maintained constant while A;, B and H vary, then 


(BAA, — A,AB) — A,AH = 0 


i.e. the change in flux in the sheet is equal and opposite to that 

in the air-space. 

- Now if re aeens 9.50 Lk gem) 
i 

the indication of the wattmeter would be invariable with thick- 

ness over the range for which the approximation (B + A&B)? 


B2 + 2AB is permissible; for the total loss is approximately 
proportional to AB?, This condition is achieved when 


AB 

, AR 
as will be seen by substituting in eqn. (5). For ordinary trans- 
former steel this has a value of about 500 at B= 13kG. 
To arrive at a condition where the wattmeter reading is not 
affected by variations in sheet thickness, it is therefore only 


necessary to provide sufficient air-space around the sheet and 
then maintain the secondary induced e.m.f. constant. 


Since the thickness variation of transformer sheets is limited! 
by specification to +73%, it will be seen that the compensation 
is adequate. ' 


(4.1.4) Compensating Circuit. 


The sum of the voltages from the secondary coil of the fester 
and of the mutual inductance is applied through a buffer 
amplifier to a rectifier and smoothing circuit, so that a direct 
voltage is produced proportional to the maximum value of a 
mixture of the flux and magnetizing-force. This is compared 
with a preset direct voltage, the difference automatically con- 
trolling the alternator field in a conventional way, using hard 
valves in the interests of good waveform. The circuit, details, 
given in Figs. 9 and 10, require comment only in two respects. 
In the first place, the production of a direct voltage proportional 
to the mean of an alternating wave is by no means easy. The 
author could find no published reference to the problem, which 
requires for its solution that the rectifier shall be loaded up to a 
certain minimum value—hence the buffer amplifier and the 
10-kilohm loading resistor following the rectifier in Fig. 10. 
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Fig. 10.—Whole-sheet tester—automatic voltage regulator. 


Secondly, while it is quite easy to suppress instability in the 
regulator, it is a wise plan to allow a very small amount to remain, 
for a slight oscillation of the wattmeter pointer is an excellent 
antidote to stiction. 


tester has been Peeacs continuously at speeds up to 
Osheets per minute. The limitation is then the speed of response 
ff the dynamometer wattmeter. The author knows of no 
perior method of measuring a.c. power when the waveform is 
listorted ; any such developments would be of considerable value 
‘on many other applications besides this. 

| As to accuracy, it must be remembered that this tester is not 
nN absolute standard. It is calibrated by testing a number of 
heets from which test pieces must subsequently be cut. In 
feneral, its readings are consistent within +3°%; magnetic sheet 
| usually sufficiently homogeneous to justify the assignment 
)f a value of loss with a much greater precision. A variation 
n permeability will introduce an error proportional to that 
variation multiplied by 


1AB AH 

2AHNB 

taking, as before, values from the nominal curve at the nominal 
ity). For typical transformer sheet, a variation of 20% in 

cability is necessary to introduce a 1% error on the watt- 


meter. The equipment is practically self-compensating with 
‘espect to frequency variations. 


(4.2) B/H Loop Tester 


This device, of general utility, is of particular importance for 
general a.c. magnetic measurements and for routine tests on 
nickel-iron cores. 

One of the earliest methods of arriving at magnetic properties 
was the use of a rectifying commutator. It suffered from the 
usual disadvantages of commutators, and the Ferrometer of 
Dr. Thal—still too little known in this country—was a con- 
siderable advance. This replaced the commutator by syn- 
shronous relays of very special design; this fact alone has placed 
it beyond the reach of the general public. Koppelman’s cam- 
operated contact-making system!? covers very similar ground, 
with certain omissions and extensions. In fact, however, it 
is perfectly easy to achieve equal accuracy with even greater 
flexibility by the use of a Carpenter relay if its driving circuit is 
designed with care. The apparatus to be described can easily 
be constructed from standard components at fairly small cost. 


(4.2.1) Principle of Measurement. 


Referring to Fig. 11, the flux in a toroidal sample is measured 
from the voltage induced in a search-coil of , turns round the 
specimen, and the magnetizing force deduced from the value of 
the primary current, which is proportional to H if the specimen 
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is uniformly wound, The mutual inductance M has its primary 
winding in series with that of the specimen, so that the voltage 
appearing in its secondary winding is Mdi/dt. The measuring 
system is a plain galvanometer, or sensitive microammeter, 
arranged as a multi-range secondary voltmeter with one contact 
of a Carpenter relay in series, allowing current to pass for a 
portion only of each cycle. If ®, and i, are the values of flux 
and current at the moment of “‘make,” ®,, i, at the moment of 
“break,” the mean galvanometer voltage will be 


2 fnx(O, — D,) when connected to the specimen secondary 
winding 


and 2fM(i, — ir) when connected to the secondary of the mutual 
inductance. 


It is now necessary only to be able to control the period of 
contact (referred to as the ‘“‘dwell”’) and the moment in the cycle 
when it occurs (referred to as the “‘phase’’) to find out everything 
about the dynamic hysteresis loop with considerable accuracy. 
It is essential, however, that, once set, the dwell and phase 
should remain invariable for long enough for a measurement of 
® and i to be made, and also that dwell shall be measurable 
with accuracy. 


(4.2.2) Circuit of Tester. 


Fig. 12 shows how this is achieved. The coil of the relay is 
driven from a simple flip-flop oscillator. The mark-space ratio 
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Fig. 12.—B/H loop tester—trelay control circuit. 


of the oscillator is adjusted, by the resistor shown, in the con- 
ventional way: this constitutes the dwell control, and enables 
the dwell to be readily varied from about one-fiftieth to just over 
one-half of a cycle. Ample stability is ensured by the use of a 
stabilized power supply. Phase control may be achieved by the 
use of a resolver magslip, in a circuit due to Patchett,!! with an 
interposed limiting amplifier to make sure that the oscillator is 
triggered at exactly the same instant in each cycle. This feature 
is the only real precaution necessary to convert the Carpenter 
relay into a precision component. A simple circuit-switching 
operation changes the phase by exactly 90 electrical degrees. 
Dwell is measured in two ways. For the first, the relay 
contacts are simply switched in series with a d.c. milliammeter, 
control resistor and battery. The resistor can be adjusted to 
give full-scale deflection with the relay contacts short-circuited, 
whereupon the deflection will be proportional to dwell when the 
short-circuit is removed. This method is shown in Fig. 11(d); 
in the actual instrument the various methods are selected by 
switching. The second method [Fig. 11(c)] provides for an 
alternative measurement of dwell with great accuracy at the one 
value of greatest general use: 50%, or one half-cycle. In this, 
the relay contacts are inserted in one arm of a Wheatstone 
16 
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bridge which uses the galvanometer as balance detector. For 
50°% dwell, balance is obtained when the resistance X is 


R2 


a ae 


This value, and the other bridge arms, are preset and built into 
the apparatus. 

For convenience, a different set of multipliers is used for B 
and H measurement, while the change from one to the other, 
and the various dwell checks, are selected by switching. Any 
form of sample can be used, but the simplest is a packet of ring 
punchings, or a coil of strip. A single secondary turn gives 
ample sensitivity, while a single primary turn supplied from an 
inverted current transformer is a convenient form of supply. A 
toroidal mutual inductance is best for avoidance of interference, 
but gapped-core inductances are sometimes convenient. 


(4.2.3) Applications of B/H Loop Tester. 


In describing a few of the measurements which can be made 
with the B/H loop tester, it is convenient to use the symbol B 
for the instantaneous mean flux-density, and A for the surface 
magnetizing force, since these are the only measurable quantities. 
The dynamic hysteresis loop, upon which all measurements are 
made, differs from the static loop because, owing to the presence 
of eddy currents, the actual values of flux density and mag- 
netizing force in the specimen vary from point to point, and with 
time. 

B/H Curve (a.c. induction).—This is obtained by setting the 
dwell to 50% and reading corresponding values of B and H 
with B a maximum, for varying induction. 

Remanence.—With the dwell set to 50°%, remanence may be 
measured by adjusting the phase control to obtain a zero 
reading of H and reading the corresponding value of B. 

Apparent Coercivity—The value of H for B = 0 is obtained 
by phase adjustment with 50° dwell, in a similar way. 

Slope of B/H Curve.—With the dwell set to a small value, 
corresponding values of AB and AH can be read at all points 
on the loop. The slope is a maximum when AB is greatest for 
a given dwell. 

Routine Testing of Current Transformer Cores.—The apparatus 
has the advantage over bridge methods that single-turn primary 
and secondary windings will usually suffice. It measures B 
instead of the fundamental component, but at low flux-densities 
the difference is not usually significant. The value of B is set 
with 50% dwell and appropriate phase control, whereupon the 
in-phase and quadrature values of H are immediately obtained. 
It is best, with B unchanged, to adjust the phase control until a 
zero reading of B is obtained. The corresponding reading of H 
is the quadrature component, while operation of the quadrature 
switch gives the in-phase component. 


(4.3) Routine Permeability Measurements 


The permeability of magnetic sheets is a quantity of importance, 
in particular, to the designer of induction motors. For its 
measurement, numerous types of permeameter have been 
developed; they all operate on a reversal of magnetizing force, 
and all measure the flux density by means of a ballistic galvano- 
meter connected to a search coil. Since it is impossible for any 
of them to be used with a predetermined value of B—although 
the Iliovici types can work with a predetermined value of H— 
routine testing for permeability is far more tedious than for loss. 
It is, in fact, rarely performed. 

For many years it has been known that, in suitable circum- 
stances, the values of permeability deduced from the peak flux 
and peak current measured on a sample at 50c/s differ little 


from those obtained on d.c. permeameters. The difficulty") 
extending this work has lain chiefly in determining peak curren) 
without the use of a rotating commutator. While the meth! 
described in the previous Section is suitable, an even more cc. 
venient arrangement is the use of an amplifier-operated pez 
reading ammeter in conjunction with a Lloyd—Fisher square. — 


(4.3.1) Arrangement of Circuit. 


Fig. 13 shows the complete circuit which the author fin: 
convenient. The square is of conventional construction, and) 


Square 


Fig. 13.—Permeability measurement with the Lloyd—Fisher square) 
| 
supplied from an alternator of low impedance, driven by | 
electronically controlled d.c. motor which provides a frequen| 
range of 0-100 c/s. Frequency is measured on a Maxwell brid; 
The wattmeter amplifier described in Section 1 is used to supt 
not only the voltage coil of the wattmeter but also a rectif| 
and a thermal milliammeter—both scaled in volts—the one 
read peak flux and the other to monitor the form factor. F 
the measurement of primary current a variable-ratio curre 
transformer supplies both a moving-iron instrument A,, to re 
r.m.s. values, and the primary of a mutual inductance, T 
amplifier voltmeter, shown in the circuit, is of simple desig 
and provides ample negative feedback: its output milliammeti 
A», reads peak primary current, according to the princip | 
expounded in Section 4.2. | 


(4.3.2) Method of Operation. 


The value of B is set from the secondary mean voltage ai 
the power measured in the ordinary way. In addition, a readi 
of peak primary current is recorded. From this, A is read 
calculated. It can, incidentally, be employed in making a cx 
rection for air flux, or even this can be avoided by the cc 
ventional usé of another mutual inductance. Apart from t 
fact that no more work is required than for a normal loss-te 
this method has the considerable advantage that measureme: 
are made at a preset value of B. 


(4.3.3) Comparison with ‘“D.C.’’ Permeability. 

To justify the use of this highly convenient method it 
necessary first to establish its validity on a symmetrical samp| 
and secondly to make sure that the construction of a Lloy) 
Fisher square does not introduce further errors. 


Absolute Measurements——A comparison between the 8, 
curve measured on ring samples by conventional methods a 
deduced from 50-c/s readings has been made before.!2 T 
author repeated the work, using the apparatus just described { 
the a.c. measurements, on two samples, one of 0:2°% and t 
other of 1-5% silicon steel, both 0-016in thick. The resu 
are given in Table 2, the “‘d.c.”’ values being obtained by revers. 
in the usual way. 


a } Table 2 


| ComPaRISON of “A.C.” AND “D.C.” VALUES OF B FOR A 
Common H, ON Two RING SPECIMENS 


ey Specimen No. 1 Specimen No. 2 
h 1:5% silicon 0:2% silicon 
f A 
b Bac Buc Bic Bac 
- 0-9 7 000 5 500 0-9 6 500 — 
1:0 8 000 6 400 1:0 7 500 3000 
oD, 8 900 7 800 Te 8 900 4 500 
1-6 10 100 9 800 1-6 10 300 7 100 
2-0 11 000 10 900 2-0 11 200 9 500 
3-0 12 250 12 400 4-0 13 400 13 300 
4-0 13 000 13 100 6-0 14 300 14 220 
8-0 14 100 14 100 10:0 15 300 151250 
' 20-0 15 100 15 100 16-0 15 860 15 870 


_ Above B= 12kG, the agreement is within the limits of 
experimental error—indeed, the results reflect favourably on 
‘the accuracy of the amplifier systems employed. Below 
B= 12kG, the a.c. values fall off sharply. 


} Measurement on Lloyd—Fisher Square.—Accordingly, an exten- 
sive series of tests was carried out on samples assembled in a 
Lloyd—Fisher square. The results of these, given in Table 3, 


Table 3 


COMPARISON OF A.C. PERMEABILITY MEASUREMENT IN A 
LLOYD—FISHER SQUARE WITH D.C. MEASUREMENTS 
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Difference 
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The Table gives the percent difference between B as measured on alternating current 
in a Lloyd—Fisher Square and d.c. values measured in an Iliovici permeameter fora 
common value of H. It is positive when the d.c. value exceeds the a.c. value. Each 
figure is the average of a number of separate tests, as shown. 


where each figure is the mean of measurements on several 
different samples, bear out closely the findings of the previous 
Section. Permeability measurements at low densities are of 
no real interest to the machine designer, who finds most of his 
Beetizing current accounted for by an air-gap of unity per- 

eability and those sections of his magnetic circuit which may 
be saturated. It is therefore deduced that over the range of 
flux densities where measurements are normally required for 
power engineering work the a.c. measurement of permeability is 
fully justified. It is difficult, indeed, to argue that even where 
there is a discrepancy the d.c. values are of greater interest, for 
the conditions of test by reversals bear no resemblance to the 
magnetic state of any a.c. machine or transformer. The author 
would therefore urge the establishment of a.c. permeability 
Measurement as a standard method of control in any future 
ee Standard on this subject. 
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(4.3.4) Theory of A.C. Measurements of Permeability. 


When permeability measurements are made by the method of 
reversals, the flux distribution across the section of the sample 
may be initially far from uniform, but the ballistic galvanometer 
reading is always taken after ample time has been allowed for 
ultimate uniformity to be attained. If the value of B for the 
same A when the sample is excited on alternating current is less 
than by the method of reversals—it obviously cannot be greater— 
the reason can only be that the flux density has not achieved 
uniformity when © is a maximum. An examination of Table 3 
shows clearly that the effect, increasing with the thickness of the 
specimen, must be due to internal eddy-currents. 

That this is indeed so at low values of B, where the permeability 
is high, cannot be doubted; direct experimental evidence has 
been produced by Brailsford!3 in a remarkable paper. Brails- 
ford also gives the classical curve showing the dependence of B 
on permeability. When it is remembered that during every 
hysteresis cycle the slope of the loop for nearly all common 
types of magnetic steel reaches values of the order of 30 000, the 
results in Tables 2 and 3 are easily accounted for. The condition 
at higher densities resembles more closely that obtaining in the 
method of reversals, for the very low differential permeability 
permits the rapid equalization of flux distribution across the 
section of the sample before the flux reaches its maximum. 


(5) DIELECTRIC MEASUREMENTS 


While there is increasing appreciation of the value of measure- 
ments of power factor in assessing the quality of the insulation 
of the windings of high-voltage machines and transformers, it 
cannot be pretended that a.c. bridges are ideal methods for 
factory use. In order to arrive at the power factor it is necessary 
to measure in addition an unwanted quantity—the capacitance. 
The instrument to be described has the advantage that it measures 
power factor or loss angle directly; it can also be used at almost 
any voltage. 


(5.1) Principle of Power-Factor Tester 


The Carpenter relay is again the basis of measurement, this 
time being used as a polarized rectifier. Referring to Fig. 14, 
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Fig. 14.—Power-factor tester for insulating materials. 


it can be seen that the current from the specimen is passed 
through a d.c. galvanometer, shunted by the contacts of the 
polarized relay. The relay coil is supplied from a limiting 
amplifier, which in turn is excited through a phase-shifting 
circuit from the mains. With this precaution the relay per- 
formance will be found to give quite adequate consistency. 


436 


If the period of contact of the relay extends equally on both 
sides of a current zero the mean galvanometer current is zero, 
but if this is not so the galvanometer will read either positive or 
negative. In order to bring about a null reading, therefore, 
irrespective of the magnitude of the current, it is necessary only 
to adjust the variable resistance R in the phase-shifting circuit; 
this can be graduated in terms of tan 6, where 6 is the loss angle, 
or complement of the phase angle, of the sample. In order to 
establish the point tan 6 = 0, from which the scale may be 
determined by calculation, the sample is replaced by a standard 
condenser whose factor is known. It is, in fact, a convenience 
to provide a switch S, to make this change periodically; trimming 
adjustments for zero are then made by small variations in the 
resistance of R>. 


(5.2) Precautions in Operation 
Several precautions are necessary in the use of the apparatus. 


(5.2.1) Screening. 

As with all high-voltage measurements, it is essential to make 
certain that the only current which passes the measuring system— 
in this case the galvanometer—is that which originates at the 
low-voltage electrode of the sample. All the other currents 
must be lead away to earth by a comprehensive screening system, 
which is indicated in Fig. 14. Particular care must be taken of 
the standard condenser. For voltages up to about 10kV a 
vacuum condenser is ideal, but it is essential to conduct away, 
by means of a conducting clamp, the leakage current over the 
glass envelope which would otherwise shunt the capacitance. 

There will be a potential difference between the screen and 
the low-voltage electrode of the sample, or of the standard 
condenser, but this is far too small to give rise to the errors 
which have to be guarded against, by Wagner earthing devices, 
in a.c. bridge work. 


(5.2.2) Phase Angle of Supply Transformer. 


The supply transformer forms part of the measuring system, 
and if the load imposed by the sample is an appreciable fraction 
of its rating—which is as much as to say, if its leakage-reactance 
potential drops are appreciable—it is necessary to standardize 
with the sample in circuit, but with its low-voltage electrode 
earthed: the switch S, in Fig. 14 performs this function. An 
alternative which is quite feasible is to energize the phase- 
shifting circuit direct from the h.v. line, or through a potential 
transformer. 


(5.2.3) Waveform Errors. 


This system measures the mean current, whereas bridge 
methods take only the fundamental current into consideration. 
It is therefore to be expected that there will be slight discrepancies 
between the two methods if the sample has non-linear charac- 
teristics. All insulating materials are non-linear to some extent, 
but no substantial errors have been found on this score; on the 
other hand, care does have to be taken that the supply voltage 
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does not depart appreciably from a sine wave, since it is bein 
differentiated. a | 
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Prof. J. Greig: The part of the paper dealing with the appli- 
| cation of negative-feedback amplifiers in magnetic measurements 
| is of particular interest to me. My first contact with such 
amplifiers was also in connection with a magnetic-measurement 
| problem, but not wattmeter measurement. It was the measure- 
| ment of peak flux, the problem being to obtain the accurate 
rectified mean value of an induced voltage where that voltage 
| Was so small as not to be susceptible of conventional methods 
Of rectification. At that time we built a negative-feedback 
| amplifier which had good enough phase and amplitude response 
| to give correct reproduction of the waveform for the purpose of 
| rectification. I have therefore been particularly interested to 


| tead the description of the author’s apparatus and to appreciate 


that magnetic-loss measurements can now be made with such 
| high accuracy utilizing the negative-feedback-amplifier tech- 
nique in association with a wattmeter. I should like to ask 
| the author whether he has made use of the interesting negative- 

feedback-amplifier technique, which, so far as I know, was 
| developed by one of the sheet-steel making organizations, and 
| in which the negative-feedback principle is used to maintain 
| waveform in magnetic measurements. The principle involved 
| is that of using the test specimen as the output transformer of 
_ the negative-feedback amplifier, thereby using the feedback to 
_ compensate for the distortion of the test specimen as well as to 
compensate for inherent distortions in the amplifier itself. 

The use of the polarized relay for purposes of frequency or 


speed measurement is also interesting, and I should like to ask 


the author whether he can say anything about the transient 


_tesponse of such a speed-measuring device; whether, in fact, it is 
possible to measure accelerations and decelerations with it. 
Dr. A. H. M. Arnold: I am interested in the author’s amplifier- 
_ wattmeter but am not clear whether this instrument is intended 
for use at power frequencies only or for use also at audio fre- 
quencies. The author’s remarks in Section 2.2 appear to suggest 
that he contemplates use at audio frequencies up to 5 000c/s 
and above, but the circuit shown in Fig. 3 would not be suitable 
for a wide range of frequencies on account of the errors of the 
current transformer. It may be remembered that the principal 
limitation in the performance of the original amplifier-wattmeter 
designed by MacFadyen and Hill arose from the transformer 
error. This limitation may be avoided by the use of two ampli- 
fiers, one for the moving coil and one for the fixed coils of the 
wattmeter, and a further advantage may be gained by using 
only one indicating instrument for voltage, current and power 
measurements. If the instrument is intended for use at audio 
frequencies the quality of the voltage divider becomes of 
importance, and it may be difficult to get the requisite per- 
formance with a resistance divider having the value of 10 kilohms 
per volt suggested by the author. If a capacitance divider is 
used the current consumption becomes large at the higher fre- 
quencies. In our latest model amplifier-wattmeter for use at 
frequencies up to 20kc/s, the voltage divider has a resistance of 
only 1 kilohm per volt, and even then has required resistance 
units of special construction having very smail time-constants. 
The accuracy of the circuit shown in Fig. 4, for low-power- 
factor measurements, depends on the purity of the mutual 
inductor used. Some care would be necessary to obtain adequate 
secondary voltage from the mutual inductor without the intro- 
duction of a phase defect on account of capacitance in the 
windings. It would be interesting if the author would give 
dimensional details of the instrument used. 
Prof. F. Brailsford: The development of the whole-sheet 
testing equipment is a considerable achievement. The tester 
calls to mind the standard type for strip specimens due to 
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Churcher and also the Dannatt single-strip tester, since all three 
employ sectionalized primary windings with the object of im- 
proving the uniformity of flux density in the specimen. The 
author is, however, faced with the difficulty that the only return 
circuit for the magnetic flux in the sheet under test is through 
air-leakage paths. He evidently endeavours to reduce the 
reluctance of these paths by overlapping the preceding and the 
following sheets. In the circumstances the author’s curve of flux 
distribution, given in Fig. 8 as a typical example, is surprisingly 
good, since it shows, for a thin sheet, which may be 3 ft wide 
and 8 ft long, a variation in flux density of only about +1% of 
the mean value. It is also surprising that the flux density is 
lowest at the centre and increases towards the ends, for the 
opposite effect might be expected with an open-ended solenoid, 
even with sectionalized windings. This result might have been 
achieved by reducing the number of turns on the end sections 
of the primary winding. Again some variation in the flux- 
distribution curve might be expected in successive sheets, since 
considerable variability in the overlapping contacts of sheets, 
which are never quite flat, must occur. 

This tester exists because, in the past, experience has shown 
substantial variations in magnetic quality in the individual sheets 
in a given batch and its function is to sort them. This is, in fact, 
done by comparing the central sections of successive sheets, 
since the measurements are made only on a length of about 40in 
of each sheet. This might not be sufficient if the individual 
sheets were magnetically inhomogeneous, particularly if they 
suffered from erratic variations in quality between the centre 
and the ends. The author has no doubt satisfied himself on this 
point. 

Mr. F. S. Edwards: Section 5 describes one of the many appli- 
cations of the Carpenter relay—in this instance for the measure- 
ment of power factor. Although the scheme is ingenious, it 
seems to me to be rather elaborate, and with the elaboration 
goes the risk of error. However, the final proof of a device of 
this kind is the experience of the user, and the author has 
evidently satisfied himself of its convenience and reliability. 
The introduction to this Section contains two statements on 
which I venture to differ from the author. First, although a.c. 
bridges may not be ideal for factory use they are extremely 
simple in construction and operation, and for most purposes 
their errors are either negligible or are readily computed. I 
have not found any difficulty in using them or in teaching others 
to do so. Secondly, the author’s suggestion that the capacitance 
is an unwanted quantity is at variance with my own experience. 
There are many occasions where the power factor by itself gives 
an incomplete—or possibly even a misleading—answer, and the 
permittivity is frequently of as much interest as the power factor; 
indeed it sometimes happens that the power factor is the unwanted 
quantity and that it is only the capacitance that is required. 

Mr. C. Ryder: When I glanced through the first pages of the 
paper I felt convinced that I had come across the tester’s dream: 
a wattmeter with a large range both in voltage and in current, 
full-scale values such as 0:3 watt to 30 kW, and a high-impedance 
voltage coil. On reading closer, however, I must confess that 
my enthusiasm was damped a little by realizing that the virtue 
of the instrument really lies in the amplifier. 

The crux of the matter seems to me to be not so much 
whether an amplifier can be designed and made to do the job— 
that goes without question—but rather whether, when an 
amplifier is coupled with such a universal type of instrument 
as a wattmeter and put in the hands of a test department for use 
by people who are other than electronic enthusiasts, it can be 
looked upon with the same degree of reliability as you would 
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look upon an ordinary standard voltmeter or wattmeter in 
normal laboratory use. 

In the circuit shown in Fig. 2 the author describes a method 
of testing the wattmeter in conjunction with resistance and 
mutual inductance, but if I read it correctly the-test only com- 
prises a check at unity and zero power factor. Does this mean 
that tests at other power factors are unnecessary ? 

I should also like to know whether he has obtained an N.P.L. 
certificate for his universal test set (Fig. 3). 

Regarding Fig. 4, I should like to ask what happens with 
regard to small changes in circuit values of voltage, current, or 
power factor, because from the diagram it seems that they may 
bring about a relatively large swing in the phase position of V,. 

Also, what is the method adopted in determining the most 
convenient adjustment of the voltage to put V, in the right 
phase position, and is any attention by the tester necessary to 
hold it? 

Mr. R. G. Martindale: I should like to ask the author whether 
the low-power-factor circuit shown in Fig. 4 has been used for 
iron-loss testing where the presence of higher harmonics might 
lead to trouble owing to impurity in the mutual inductance. 
The introduction of a mutual inductance removes the problem 
of phase-angle error from the current transformer to the induc- 
tance itself, and in the case of iron-loss testing, where higher 
harmonics may be present, capacitance between turns might 
lead to.an error under certain conditions. 

As to the comparison of permeability measurements under 
a.c. and d.c. conditions of test given in Table 2, there is a 
difference of about 30% for a 0:2°% silicon sheet at a d.c. flux 
density in the region of 10kG. On the other hand a similar 
sample given in Table 3 shows a difference of only 1-3% at the 
same flux density. I should have expected rather the opposite 
state of affairs, namely that there would have been a bigger 
difference in the case of the Lloyd—Fisher test, where there are 
air-gaps in the magnetic circuit, than with ring tests, where the 
position is not obscured by air-gaps. No reference is made in 
the paper to the latter point. 

At a density of about 13kG the permeability of these materials 
is about 3 000, and an error of 10% in the effective value of H 
in the material, arising from the presence of air-gaps, would 
lead to an error in B of about 3%. Nowa 10% error in A witha 
100cm Lloyd—Fisher square is equivalent to 10cm of iron, 
which at a permeability of 3 000 is the same as only a little over 
1 mil of air distributed over eight joints. Even allowing for the 


EDMUNDSON: ELECTRICAL AND MAGNETIC MEASUREMENTS IN 


y 
corner-piece overlaps, this is not very much. I would agree 
with the author’s remarks on the results of the Lloyd—Fisher| 
tests given in Table 3 that the differences are due apparently to 
internal eddy currents, but I think the result is rather surprising) 
in view of the presence of joints. I feel that the agreement might 
perhaps not be so good with materials of higher permeability. | 
Whilst the skin effect in the test sample increases with the per- 
meability, as pointed out by the author, the proportion of the 
applied m.m.f. which is expended on the joints also increases, | 
and errors due to the latter cause might also be expected. Has 
the author made any measurements on high-permeability 
materials to confirm the existence of two separate effects ? 

1 think a number of people may have been impressed by the 
extensive use by the author of the Carpenter polarized relay, 
and I should like him to enlighten those of us who have been 
stimulated by this work by giving us some further information 
as to its reliability in service. Points which come to mind are: 
contact rebound, susceptibility to mechanical vibration (which 
might be quite important in respect of equipment used in the 
factory), length of operational life, maximum current rating and 
the order of the transit time. 

Mr. F. H. E. Myers: I should like to know the intrinsic 
accuracy of a commercial type of instrument based on the 
Carpenter relay. JI understand that there is an instrument of 
foreign origin which can be relied upon to an accuracy of 0:01 %, 
and I wonder whether a frequency indicator based on the Car-| 
penter relay would be comparable, and whether it is available in a 
commercial model. | 

The author gave an important place to electronics in the 
measurement of electrical quantities. Would he like to say 
something about the possibility of integrating electrical energy 
by using a dynamometer wattmeter and converting its deflection 
by electronic devices into an integrated quantity over a given 
period of time? 

“It was 100 years ago, in 1855, that Siemens gave us practically 
the first induction motor. Fifty years later, in 1905, the induction-_ 
pattern rotating instrument was brought into commercial use. | 
This is 1955 and perhaps it is a portent of change. 


The elec-. 
tronic device or artifice I have in mind consists of an RC circuit, | 
C being variable and driven by the instrument spindle. A 
stabilized d.c. supply could be applied and the condenser dis- 
charged at a preset voltage. The total pulses of charge and) 
discharge could be counted electronically and would measure 
an integrated quantity. 


NORTH-WESTERN MEASUREMENTS GROUP, AT MANCHESTER, 22ND FEBRUARY, 1955 


Mr. D. A. Langford: I shall confine my remarks to the whole- 
sheet tester. From Table 1 it is seen that a variation in thickness 
of +74% gives only a 0-5% error in the total iron-loss for a 
sheet of a particular material, with the mutual inductance adjusted 
by trial and error to give the optimum thickness compensation. 
This thickness compensation requires that AB/AH at 13kG is 
correct for the sheet being tested. Now AB/AA for hot-rolled 
silicon steel at 13kG varies from 560 for a 0:4% silicon-steel to 
140 for a 4% silicon-steel. Because of this variation the thick- 
ness compensation alone allows errors of about the +3°% men- 
tioned as the overall consistency of readings, unless the mutual 
inductance is changed for different grades of material. 

Owing to the thickness compensation, the flux in the steel 
at 13kG is only 85 % of the total flux linked with the magnetizing 
coil; thus there is a considerable departure from the sinusoidal 
flux which is desirable for iron-loss measurements. 

Mr. F. W. Taylor: First, I am very pleased to see that the 
author has made such good use of the Carpenter relay. Although 
this instrument has been available for some time and should be 


well known, it is not nearly as popular as its usefulness should’ 
makeit. Secondly, I agree with the author that we can no longer 
afford to neglect the advantages which electronic techniques give 
to measurement. Nowadays the electronic engineer can do 
almost anything by juggling with electronic components and 
circuit techniques, and it ‘is so easy for him to diagnose a fault, 
replace a valve, or even remove other components with a solder-| 
ing iron. 

In the factory, however, expensive plant and material are often 
vitally dependent on some small electronic component, and it is. 
not always possible to have an electronic technician standing by. 
Consequently a very high standard of reliability is required or, 
alternatively, simple checks coupied with adequate instructions to. 
the works staff are essential if full use is to be made of the. 
electronic techniques in factory measurement. 

To illustrate this point I would mention that the organization 
with which I am associated has an electronic instrument 
measuring the hydrogen content of the inert atmosphere of an. 
annealing furnace. During the night this instrument ceased to 


_ function, and the furnace could not be shut down because it 
contained a very expensive charge of cold-rolled steel at 800°C. 
_ Further, a high hydrogen content would be detrimental tech- 
| nically and would increase the explosion hazard. The fault 
“ was simple—a thermionic valve had failed and was replaced very 
| quickly by the engineer, but the works superintendent was in a 
| state of considerable apprehension until he appeared. 
| We have found that an amplifier very similar to that shown in 
| Fig. 1 is extremely useful in cases where a high impedance is 
required, such as routine iron-loss testing by the Lloyd—Fisher 
| square. In our case provision was made in the instrument for 
ealibrating the rectifier voltmeter and checking the amplifier itself. 

Incidentally, in view of the difficulty of making accurate and 
‘stable mean-voltage voltmeters for the checking of peak flux- 

\ density, has the author tried the Carpenter relay and a moving- 
coil instrument for this purpose? 

A transformer sheet grader was built some two or three years 
‘ago on the lines of that described in Section 4.1. In our case the 
loss in the sheets to be graded was compared with that of a 
Standard sheet specially chosen to have average characteristics for 
that grade, i.e. thickness, permeability and loss. This standard 
sheet was held stationary inside coils identical with those of the 

grader, and a house service-meter with special windings was used 
_ as a timing relay. When a sheet entered the measuring coils 
/ a contact switched on the supply to both sets of coils so that the 
timing relay and the measuring watt-hour meter started to rotate. 
After a given interval, during which all but the ends of the sheet 
under test passed through the measuring coils, the timing-relay 
contacts closed, both sets of coils were de-energized and both 
meters stopped. The reading on the disc of the measuring 
meter, marked in grades, was thrown on to a screen for 3sec. 
| After this both meters returned to zero and the whole cycle was 
_ repeated. 
It was noticed that without thickness compensation the grading 
' was correct only to within about +7%. Thickness compensa- 
tion was obtained by adjusting the ratio of the voltage on the 
_ grader coils to that on the timer coils in accordance with the 
thickness of the sheet being tested. It was then found that 60% 
of the sheets could be graded to within 2°%, and the remainder, 
except for very occasional freak cases, to approximately +3%. 
Weighing the sheet to obtain the thickness, however, slowed down 
' the process too much for a production line. 
The thickness-compensation argument is ingenious, but, in 
} view of the wide variations in permeability over the waveform 
_and for different grades of steel, the author’s results must be 
based on a compromise. In any case, if the mutual inductance 
used for adjustment is too large the argument fails. 
Finally, in Section 4.1.3 the author states that “‘the thickness 
- must be expected to vary between the limits of at least +10% of 
the nominal value.” With this I agree, but at the end of the 
' Section he makes the claim that since the thickness is limited by 
specification to +74%, Table 1 shows that compensation is 
adequate. In practice, where variations of +15% are encoun- 
tered, the wattmeter indication would only be within 5% for 
‘really thin sheets, which is equivalent to three-quarters of 
) a grade. 
Mr. R. G. Martindale: The method by which thickness varia- 
_ tions between individual sheets are compensated for in the single- 
sheet tester, by adjusting the supply voltage automatically so 
‘that a constant voltage is induced in a B coil having a large air 
flux linked with it, is most ingenious. This correction is made 
on the assumption that the B/H characteristics of the materials 
tested are reasonably alike. It is my impression that single-sheet 
testing is, at present, confined to sheets having a loss of 
0-92watt/lb and lower loss at B = 13kG and 50c/s, and the 
figures of +3% mentioned in the paper—i.e. plus or minus one- 
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half grade—represent a big step forward in providing sheet 
material of more uniform quality for the electrical industry. It 
is perhaps not generally known that a large proportion of the 
transformer grades of sheet made in this country are individually 
sheet-tested on equipment made to the author’s designs. 

The extension of single-sheet testing to the slightly worse grades 
of sheet, up to a loss value of say 1-15 watts/lb at B = 13kG 
and 50c/s, should, however, result in a more uniform product 
becoming available for use in large rotating machines, and 
would constitute a further step forward. Has the author con- 
templated or carried through any such extension of single-sheet 
grading? Does he think that one setting of the thickness 
compensation would suffice for these additional grades also, or 
would an additional setting of the mutual inductance shown in 
Fig. 9 have to be provided? 

I was particularly impressed by the B/H loop tester, which 
relies on the Carpenter polarized relay and its associated control 
circuits. Anyone who has had to make hysteresis-loop measure- 
ments, particularly on high-permeability materials with a rect- 
angular form of loop, will appreciate what a useful device this is, 
and I think that there would be considerable scope for its use in 
general laboratory work as well as in works test areas. Regard- 
ing the lantern slide showing the rectangular hysteresis loop 
for a nickel-iron alloy, I was most interested in the re-entrant 
nature of the steep sides of the loop, but feel that it might be 
premature to attribute this to an inherent property of the material 
without further investigation. Re-entrant loops of a discon- 
tinuous nature have, however, been obtained in the United 
States with some nickel-iron alloys. 

Anyone reading the paper cannot fail to have been impressed 
by the versatility of the polarized relay, and I think that its use, 
together with that of negative-feedback amplifiers, as shown by 
the author, points the way to many interesting future develop- 
ments in measurement work generally. 

Mr. E. Rawlinson: In the measurement of power at low power- 
factors the following facts must be realized: The use of an 
amplifier to drive the wattmeter does not increase the scale 
reading, and in order to measure with a power factor of, say, 
0-05, the instrument must be sufficiently sensitive itself to give 
a reasonable deflection with full rated currents in the coils at this 
power factor. This means that a sensitive wattmeter must be 
used, and in this respect, therefore, the use of an amplifier does 
not mean a more robust instrument. This power factor of 0:05 
occurs when iron losses in 4°% silicon-transformer steel at a peak 
flux density of 15kG are measured, and it is therefore in the range 
of routine measurement. An accuracy of 1% is only obtained 
at this value if the phase defect between the current through the 
wattmeter voltage coil and the induced voltage in the secondary 
winding is not greater than 0:02°. This means, in the amplifier 
of Fig. 1 which has a feedback factor of 60dB, that the open- 
loop phase angle must not be greater than about 20°, and the 
capacitor C must be chosen so that this is true. It is not true, 
as stated in Section 2.1, that 60dB of feedback necessarily 
means phase errors of less than 0-1%. The attenuator, when 
used, being outside the feedback loop, should also have a very 
small phase error. 

Section 4.3.4 describes the effect of eddy currents or magnetic 
skin effect on the a.c. measurement of permeability, but in using a . 
Lloyd—Fisher square for these measurements other effects are 
present and important, Two sources of error are the corner 
pieces with their air-gaps and the lack of uniformity of flux 
density along the sample. All these errors act in the same 
direction and produce readings of H higher than the true value, 
and all are greater for the higher-permeability alloys. Tests 
made recently on samples of the best cold-reduced directional 
transformer steel gave readings of H about three times the d.c. 
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value at B = 10kG, where the permeability is very high, and 
differences of only a few per cent at B =17kG, where the 
permeability is much reduced. Measurements of a.c. per- 
meability on these steels could therefore be carried out only after 
establishing uniform flux conditions—e.g. by sectionalizing the 
magnetizing coils—and even then the effects due to eddy currents 
would still be present. 

Table 3 shows very good agreement for hot-rolled materials, 
especially at B =15kG. The author uses an Iliovici permea- 
meter for the d.c. measurements, and I wonder if he could 
give some idea of the accuracy of this method, since it is stated 
by Astbury* that errors up to 100% in A occur, and at B = 15kG 
this would mean an error of 10% in B. 

Will the author describe the use of the mutual inductance 
when applied to the 2-wattmeter method of power measurement 
as mentioned at the end of Section 2.4? When, in a near- 
balanced system, one wattmeter has a low power-factor, the 
other will have a good one, and errors in the first wattmeter will 
have a small effect anyway, particularly if low-power-factor 
wattmeters are used. 

Mr. J. E. M. Coombes: The author mentions that there has 
been some distrust of electronic techniques amongst measure- 
ments engineers, and that he has been at pains to ensure 
reliability. Had such precautions been more often observed in 
the past there is little doubt that acceptance of electronic devices 
outside-laboratories would have been greatly accelerated, not only 
in the special field of measurements but in engineering generally. 

Some idea of the sort of precautions necessary may be seen in 
Fig. 1. From the numerical data in the text it is easily shown 
that if the total gain of the valve stages should increase by 25 %— 
the kind of change which may easily occur when valves are 
replaced—the overall gain of the circuit would nevertheless be 
increased by only about 00-02%. This desirable result is 
obtained, of course, by the liberal use of feedback. However, 
if the fraction of the output fed back is itself susceptible to change, 
then we have merely exchanged one source of variation for 
another. In Fig. 1, for example, if the fraction fed back should 
vary by 1% the overall gain would also change by about 1%. 
In the pee s case, the output current J of the amplifier flows 
directly through a 50-ohm resistor, Rr,, and the quantity fed 


* AstBurY, N. F.: 
1952). 


“Industrial Magnetic Testing’ (Institute of Physics, London, 
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to the author in at least two respects. 
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back is the potential difference across this resistor. 


Ry, &@ requirement which is easily satisfied. Basically sound 


¥ 
Conse- || 
quently all that is now required is high stability in the value of | 


i 


7 


design of this sort is typical of the author’s electronic circuits, | 


and I agree with him that there is no valid reason to suspect the 
overall reliability of the instruments with which they are | 


associated. 
From Fig. 10, it does seem that the author has been forced 


somewhat from his stated principles in so far as the overall | 
behaviour of the circuit appears to depend directly upon the. 


characteristics of the buffer and rectifier stages. It must be 
admitted, however, that it is not easy to see how this could have 


been avoided. The working conditions of the 85Al voltage | 


reference tube also seem unusual. The burning current appears 
to be about 9mA, whereas the manufacturer’s rated maximum 
current is 8mA, with a preferred value jof 4:5mA. Is there 


perhaps some special reason for adopting such a large current? 


Turning to more general matters, I feel particularly indebted 
First, he has drawn my 
attention to the way in which the instantaneous values of periodic 


quantities of supply or near-supply frequencies may be investi- | 
gated by using a high-speed polarized relay. All too often one 


reaches for an oscillograph without pausing to think whether there 
are simpler and cheaper means available. Secondly, the author 
has introduced to me the Maxwell commutating bridge. This is 
so obviously a useful circuit that it is strange that it should seem 
to be so little known and used at the present time. 


The author’s simple and potentially reliable and accurate | 


tachometer based on the Maxwell commutating bridge seems 
assured of wide application. 
it from an electromagnetic pick-up device and avoid the necessity 
for a mechanical drive to an a.c. tacho-generator. 
generated one impulse per revolution, a maximum speed of no 
less than 12 000r.p.m. could be measured for a rate of relay 
operation of only 200 times per second. 

In Section 3.2.2 it is not obvious why it is particularly con- 
venient to make P the variable to effect range changing. It 


would seem equally convenient to change Q or S. Also, in| 
Section 3.4, it is implied that the four ranges of the tachometer | 


mentioned are varied by changing only P. May it not also be 
necessary to change C in order to ensure that it is always fully 
charged at each operation of the relay ? 


BEFORE THE NORTH STAFFORDSHIRE SUB-CENTRE, AT STAFFORD, 3RD MAY, 1955 


Mr. J. Wainwright: I should like to endorse a statement 
which the author made in his opening remarks on the need 
for the “‘engineering of measurements.’ Unless we have these 


periodic reminders of progress we are very apt to continue - 


using instruments similar to those used in Clerk Maxwell’s day. 
It is essential to “‘ruggedize”’ instruments, as the Americans put 
it, so that they are suitable for use in engineering shops. A 
good example of this is the electronic detector in place ofa 
vibration galvanometer for a.c. bridges. This electronic device 
can be made with more than adequate sensitivity, and no 
difficult adjustments are needed to set up the instrument, 
whereas a vibration galvanometer can be very difficult in this 
- respect. 

The author states that electronics has been regarded with 
suspicion and this view still persists. A reading obtained from 
a pointer-type instrument will often be believed in preference to 
a reading from an electronic device. This raises the question 
of how the author applies checks to his instruments, and it would 
be interesting to know how often these checks are performed. 
The statement that the slip-meter “either reads correctly or not 
at all” is not entirely convincing. 


It would also seem possible to work | 


If the pick-up | 


I was rather surprised to see no references to the work of | 
Koppelmann,* who, with his Anglejoch (whole-sheet type tester) | 
and Vektormesser, has developed a mechanical-type rectifier | 


with applications similar to those described in the paper. 


The whole-sheet tester has been installed at nearly all the | 
steelworks in this country, and although we do not wish to | 
throw suspicion on the instrument, we have found no marked | 


improvement in the quality of transformer sheet over the last | 


10 years. 


I should now like to refer to dielectric measurements, and to — 
ask what range and sensitivity of tan 6 can be obtained on the © 


author’s instrument. 
are not entirely satisfactory for rapid measurements in work- 
shops, they are used to a considerable extent with great success. 
The Schering bridge, for example, introduced about 30 years 
ago, has remained a firm favourite, and will undoubtedly con- 
tinue to do so. 


Although it is agreed that bridge methods | 


The biggest disadvantage is the need for a low- 


loss capacitor to withstand the full test-voltage, but since the © 


author’s device apparently needs frequent checking against such 
a standard, it is difficult to see what advantage there is, apart 


* E.g. Instruments and Measurements Conference, Stockholm, 1949, p. 227. 
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| in regard to the measurement of capacitance. 
| the measurement of capacitance is an unnecessary complication 
| with the Schering bridge; in my opinion this measurement is not 
only useful but, in many cases, essential. For instance, during 


‘from some time saving. If rapid measurements are required 
there is a great deal to be said for the recording Schering bridge 
as described by Geyger* and Keinath.t 

_ In the paper it is inferred that Wagner earthing devices are 
needed with a.c. bridges, and although this may be true in certain 

Cases in the laboratory, it is certainly not true in workshop 

testing. A further point on which I disagree with the author is 

It is stated that 


THE AUTHOR’S REPLY TO 


|. Mr. D. Edmundson (in reply): I was particularly interested in 
| Prof. Greig’s opening remarks, for it was the knowledge of his 


pioneer work in the application of negative-feedback amplifiers 
to the solution of measurement problems that first stimulated 
‘my own interest, and that, I know, of many others, in this 


| 
! 


! 
if 
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| powerful weapon. 


Several other speakers referred to what 
might be called the philosophy of the use of electronics. Mr. 
Coombes has pointed out the rigorous conditions which must 
be satisfied, and others—Mr. Wainwright and Mr. Taylor— 
emphasized the importance of maintenance and standardization. 
The latter is as simple as it is important; owing to the negligible 
consumption of amplifier-operated instruments, they can be 
checked by the aid of standard impedances. Such arrangements 
should be invariably provided in permanent form. 

Dr. Arnold refers to the use of amplifier-wattmeters for audio- 
frequency measurement, and while I agree with his remarks, I 
would emphasize that our instrument was developed for power- 


» frequency work. The check at higher frequency is a useful 


' criterion of phase-angle error. 


Although, as Mr. Ryder points 
‘out, the checking circuit refers only to zero and unity power- 


' factor, in fact any combination can be used. With regard to the 
_ method of measurement at low power-factors, the mutual induc- 


tance used is—normally—a carefully designed toroid. For 
50c/s work, it is possible to apply correction for phase-angle 
errors, if these should be found on measurement. Its value is 
immaterial within fairly wide limits—in effect, those of satis- 
factory operation of the amplifier. As Mr. Ryder points out, 


- care must be taken in ensuring that this is not overloaded. 


Although I have never used a Hall-effect wattmeter, I am in full 


_ agreement with Prof. Vick that this has great possibilities, in that 


it is our sole means of obtaining an electrical, instead of a 
mechanical, equivalent of power. 

With Mr. Coombes’s remarks about the versatility of Maxwell’s 
commutator bridge I am in complete agreement. Not only can 
it be operated without loss of accuracy from electromagnetic or 
photo-electric pick-ups, but if the resulting frequency is too high 
for the relay, frequency-dividing circuits can be easily interposed. 
Its accuracy, however, is limited to about 0-1 °%: for the accuracy 
mentioned by Mr. Myers, counting methods are best; while it 
is not suited for the measurement of acceleration, as suggested 
by Prof. Greig. With regard to the details of the bridge circuit, 
queried by Mr. Coombes, the advantage in varying P lies in the 


& GEYGER, W.: Archiv fiir Elektrotechnik 1937, 31, p. 115 
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the impregnation of cellulosic materials with mineral oils, 
measurement of capacitance is the only way in which complete 
impregnation can be assured. 

Prof. F. A. Vick: I should like to ask the author whether 
he has tried using the Hall effect in germanium, or similar semi- 
conductors, as a wattmeter? While not so inherently stable 
as a dynamometer instrument, owing to temperature effects, 
etc., the semi-conductor instrument has the great advantage 
of a voltage output which is proportional to power input 
over a wide frequency range and which can be amplified in the 
normal way. 


THE ABOVE DISCUSSIONS 


fact that an equal deflection can be obtained on all ranges. 
C could alternatively be changed, but this (while theoretically 
better) is inconvenient. Mr. Wainwright queries the accuracy 
of the slip meter. This is particularly easy to check because, 
the coil being sensitive to the earth’s field, a simple manual 
movement can be timed by a stop-watch. 

Prof. Brailsford makes an interesting point with regard to the 
flux distribution in the whole-sheet tester. The slight dip in the 
curve is due to the impedance of the measuring apparatus con- 
nected in the central sections. The overlap between sheets does 
not affect the measurements, but is used because a gap occurring 
inside the coil would give rise to excessive primary current and 
would trip the protection. Mr. Taylor’s remarks on single- 
sheet grading were also of great interest. He, with Mr. Langford, 
Mr. Martindale and others, refer to the limitations of my method 
in covering a variety of grades. I do not believe that single-sheet 
testing will ever be justified for low-silicon steel, so that in effect 
we are faced with variants of a single type of sheet. In contrast 
with the experience of Mr. Wainwright, we have found a sub- 
stantial improvement in the quality of hot-rolled transformer 
sheet during the last ten years, by no means all of which can be 
accounted for, of course, by improvements in testing methods. 

I am in general agreement with the remarks of Mr. Martindale 
and Mr. Rawlinson on the additional errors to be expected with 
high-permeability materials when making “a.c. permeability” 
measurements in a Lloyd—Fisher square, but these do not usually 
affect the argument in the one instance where routine permeability 
measurements are justifiable—low-silicon steel at high flux- 
densities. The Iliovici tester used was compared with N.P.L. 
and similar-type permeameters over the range of densities 
used, and agreed at least within + 5% in AH. It only shows 
serious errors at very low or very high densities. 

Mr. Edwards and Mr. Wainwright were critical of the method 
of measurement of the power factor of insulation samples. For 
the application for which it was designed—routine factory 
testing—it shows substantial advantages in time over the use 
of a Schering bridge, and provides a sufficient accuracy for a 
wide range of problems. 

Finally, a number of speakers referred to the use of Carpenter's 
relay. This is not the place to provide detailed performance 
data, but it may be said that its outstanding merit is its complete 
freedom from contact bounce. It is to be hoped that before 
long this versatile device will take its place among accepted 
electrical measuring instruments. 
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A FLUX-SENSITIVE REPRODUCING HEAD FOR MAGNETIC RECORDING SYSTEMS © 


By E. D. DANIEL, M.A., Associate Member. 
(The paper was received 20th January, 1955.) 


SUMMARY 


A description is given of a new type of flux-sensitive reproducing 
head for use on magnetic tape or drum recording systems. The head 
is compact and relatively simple in operation and differs from conven- 
tional reproducing heads in that its efficiency is fundamentally inde- 
pendent of signal frequency over the working range and is completely 
independent of the speed of the recording medium on reproduction. 
It can, in fact, be used to make measurements of recorded flux at 
points along the length of a stationary recorded medium. The head 
may be of value in certain specialized applications of magnetic recording 
technique, such as those dealing with very-low-frequency signals or the 
examination of transient phenomena. 


() INTRODUCTION 

A magnetically recorded signal may be regarded as a certain 
distribution of remanent magnetization along a suitable medium, 
such as a magnetically-coated plastic tape. The corresponding 
variation in fiux along the length of the tape is in accordance with 
the time variation of the original signal, and in the ideal case the 
effective value of the recorded flux is independent of the frequency 
of the original signal. Such a recording is normally reproduced 
by moving the tape at constant speed past a reproducing head 
so designed that a proportion of the flux links with the coil of 
the head to generate an e.m.f. The e.m.f. so produced is propor- 
tional to the rate of change of flux along the tape and hence to 
the rate of change of the original signal with time. Funda- 
mentally, therefore, the efficiency of a system using a conventional 
reproducing head is proportional to frequency. 

In most audio-frequency applications of magnetic recording 
this feature of the reproducing head is not a serious disadvantage. 
Compensation for a 6dB per octave rise in reproduced e.m.f. 
can usually be arranged in the reproducing amplifier down to 
the lowest frequency of interest without serious noise difficulties 
being encountered. When dealing with frequencies very much 
below the a.f. range, however, the inherent decrease in efficiency 
of the conventional reproducing head may impose a severe 
limitation on overall performance. To overcome this handicap, 
several magnetic recording systems designed for very-low- 
frequency work have employed amplitude or frequency modula- 
tion.! However, any form of modulation technique is extremely 
wasteful in tape since the tape speed necessary to accommodate 
the carrier and sidebands must be many times greater than that 
required to accommodate the highest frequency in the signal 
itself. In particular, such techniques would be difficult to apply 
in cases where the signal is not confined to very low frequencies, 
but contains frequencies over a large range extending down to a 
very low frequency. The tape speed required under these con- 
ditions might be prohibitively high. 

A possible solution of some of these problems would be to 
redesign the reproducing head so that it responded to the 
instantaneous value of the recorded flux at the relevant point 
instead of to the rate of change of this flux with distance along 
the tape length. In this way the overall efficiency of a magnetic 
recording system would be made fundamentally independent of 


_ Written contributions on papers published without being read at meetings! are 
invited for consideration with a view to publication. 
Mr. Daniel is with the British Broadcasting Corporation. 


signal frequency. Moreover, by definition, the output obtained ~ 
from such a head would be independent of the tape speed on 
reproduction, which might make it a useful tool for carrying out 
detailed examinations of recorded waveforms. If desired, point- 
to-point measurements could be made on a stationary tape. 

So far, only one type of flux-sensitive head has been fully 
described.? In this, the tape flux is made to deflect an electron 
beam so that the voltage produced between two plates on which . 
the beam impinges is a measure of the flux. The sensitivity 
obtained by this method is claimed to be high, but it suffers from 
the disadvantages of large physical size and, probably, of high 
cost compared with normal heads. Another method which has 
been investigated by the author and others? is based upon the | 
principles of the second-harmonic type of magnetic modulator. 
Here, again, the head required tends to be rather large, since 
an extra magnetic circuit must be incorporated to balance 
the system and prevent the tape being erased by the exciting- 
signal flux. Also, with this principle, the whole of the main 
branches of the magnetic circuit must be taken to saturation 
before adequate sensitivity can be achieved. This, coupled with 
the fact that the excitation frequency must be in excess of the 
highest signal frequency, may make the power requirements of 
this type of head difficult to meet. 

The flux-sensitive head to be described in the paper* uses the 
principle of a magnetometer described by Palmer.> It is similar, 
in some respects, to the second-harmonic modulator. The 
excitation frequency must be high, but only a small part of the 
core need be taken to saturation, and a transverse field effect 
is employed which obviates the need for a balanced magnetic 
circuit. The head may be made as small as any conventional 
reproducing head using similar core material. 

The experimental investigation of the head has been carried 
out using magnetic recording tape. There is no reason, however, 
why the head could not be used on other forms of magnetic 
media, such as magnetically coated drums or discs. 


(2) PRINCIPLE OF THE FLUX-SENSITIVE HEAD 
As indicated in Fig. 1(@), the magnetic circuit of the flux- 
sensitive head is similar to that of a conventional reproducing 
head. During reproduction, flux from the tape is caused to flow 
round a suitably shaped core of low reluctance, rather than take 
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Fig. 1.—Basic construction of flux-sensitive head and associated 
electrical system. 
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‘| the head were operated on conventional principles. 


| which the second, of frequency 2f, is of major interest. 


7 its natural course, by the presence of the narrow gap in the 
'| magnetic circuit. 


This, as will be shown later, introduces a 
“gap loss” of exactly the same magnitude as would be present if 
Through 
the rear leg of the core a copper wire is passed, which must be 
insulated with thin sleeving if the core is of conducting material. 
The rear leg of the core also carries a coil which should, as nearly 
as possible, be symmetrically wound with respect to the wire. 

In operation the wire is fed with an alternating current of 
frequency f in excess of the highest signal frequency to be con- 
sidered, and of peak value sufficient to take a part of the core 
surrounding the wire close to magnetic saturation by virtue of 
the circular field created. If the coil and wire are symmetrically 
placed, there is no mutual inductance, and the passage of 
current through the wire should not produce a fundamental 
component of e.m.f. in the coil. Moreover, provided that the 
core is not magnetically polarized in any way, its magnetic 
characteristic should be symmetrical and no even-harmonic 
components of e.m.f. should be produced. However, if a 
magnetized tape is brought into contact with the front of the 
head, part of the recorded flux will flow round the core and the 
latter will become polarized. The magnetic characteristic of the 
core material will therefore no longer be symmetrical, and even- 
harmonic components of e.m.f. will be generated in the coil, of 
If this 
component is selected and fed to a phase-sensitive detector, the 
detector output will be found to be closely proportional to the 
polarizing flux in the head core, and hence to the recorded 


flux from that part of the tape opposite the gap. When the 


tape is moved past the head, as in normal reproduction, 
the polarizing flux will vary and a modulated e.m.f. will be 


_ produced by the head. For example, if a sinusoidal signal of 


‘is the highest signal frequency under consideration. 


frequency f, has been recorded on the tape, the reproduced e.m.f. 


‘will consist of sidebands of frequency 2/+ /,, 4/f+/,, etc., and 


with suitable filtering, the output of the phase-sensitive detector 
will be a copy of the original signal of frequency f,. In practice, 
as indicated in Fig. 1(b), the detector is preceded by a band- 
pass filter accepting frequencies in the range 2/ +/,,, where f,, 
A signal 
amplifier follows the detector to bring the signal level up to the 
desired value. 

The principle of the flux-sensitive head may be better under- 
stood from the following approximate analysis. For simplicity, 
it will be assumed that the core does not become completely 
saturated during operation, but that the flux density B in the 
core is related to the field strength H by an equation of the type 


B=aH+bH?+cH5+... (1) 
Let the excitation current in the wire be of the form 
i= TIsin wt 
where w = 27f. 


The circumferential field strength created by this current at a 
distance r from the axis of the wire can be written 


h, = Hysinw,t . (2) 
where H, = 21/r. 
Let the longitudinal field strength corresponding to the 


polarizing flux from the tape be of the form 


a hk, =H, sin wt . (3) 
where w = 27/f,. 


If A, is the resultant of h, and h,, the component of induction 


parallel to the axis of the coil is, from eqn. (1), given by 


Be ale Gho > bke 4- chi +...) 
=hfa-+ bh2 + ch3+...) 


DANIEL: A FLUX-SENSITIVE REPRODUCING HEAD FOR MAGNETIC RECORDING SYSTEMS 


443 
Now 
he hie he 


since the circumferential field strength is always very much 
greater than the longitudinal field strength created by the presence 
of the tape. To a very close approximation, therefore, 


BL =hdg + ble + cht +...) . (4) 


Substituting for h, from eqn. (2), expanding, and considering only 
those terms involving the second harmonic of the excitation- 
current frequency 
Bo = — hfbH2/2 + cH}/2 +...) cos 2ut 
= —h,Q2bI?/r? + 8cl4/r4 +...) cos 2wt 


The useful flux linking the coil is given by 


(5) 


ry 
Ds \ 2rrB,.dr 
ro 
where rg is the radius of the wire and r, is the effective radius of 


cross-section of the rear leg of the head core. Substituting for 
B, from eqn. (5), 


ry 


® = — 2h, | (2b17/r + 8cl4/r3 +...) dr cos 2wt 
ro 
= 2mh,,[2bI? log (ro/r;) — 4cI4/r2 +. . .] cos 2wt 
or ® = Ph,, cos 2w,t (6) 
where P= IF Cae (7) 


and the coefficients b’, c’, etc., depend upon the dimensions of 
the wire and core and the magnetic properties of the core 
material. 

If the coil has N turns, the useful e.m.f. induced is given by 


= 2w,NPh,,. sin 2w,t 
or writing h,, = H,, sin wt and expanding 


V = wNPH,, [cos (2m, — w)t — cos (2m, + w)t] . (8) 


i.e. the output consists of sidebands formed by modulation of 
the second harmonic of the exciting current by the signal, and its 
magnitude is proportional to the flux from the tape. 


(3) DESCRIPTION OF EXPERIMENTAL SYSTEM 

An experimental flux-sensitive reproducing system has been 
constructed, on the principles outlined in the preceding Section, 
which uses an excitation-current frequency of SOkc/s and is 
capable of reproducing signal frequencies below about 10kc/s. 
The head magnetic circuit is of ferrite material, which makes 
insulation of the wire through the rear leg unnecessary. The 
method of construction of the head is illustrated in Fig. 2. Two 
conventional ferrite reproducing-head cores were assembled in 
the normal way, and then fixed together with a suitable adhesive 
after grooves had been milled in the appropriate places on the 
rear legs of the cores. A copper wire of No. 36s.w.g. was sub- 
sequently threaded through the channel formed by the mating of 
the two grooves, and a coil of approximately 50 turns was wound 
on the rear leg. The particular head used for making the tests 
to be described in the paper was clamped in an assembly designed 
for use with magnetic tape, but if desired, a head of exactly the 
same construction could easily be adapted to reproduce from a 
rotating magnetic drum or disc. 


CORES FIXED AG 


TOGETHER WITH 
ADHESIVE 


WIRE 


SEMI-CIRCULAR 
GROOVE 


Fig. 2.—Construction of experimental head. 
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removed from the head, the resistance is adjusted until zero 


second harmonic of the excitation current is observed at the ; 
input of the demodulator. --Normally the current required , 
in the coil to achieve this condition is of the order of 
microamperes. 


(4) PERFORMANCE OF THE EXPERIMENTAL SYSTEM 

The sensitivity of the head is a function of the degree of non- 
linearity present in the magnetic characteristic of the material 
over the working range. 
high excitation current be used so that an appreciable part of 
the core is taken to saturation on the peaks of current. 


50kc/s 
TO HEAD 
oO. 


lOOkc/s FOR 
DEMODULATOR 


MODULATED 
OUTPUT FROM 
COM (OF 

HEAD 


BALANCE 
CONTROL 


AMPLIFIER 


aN 


r 4t-— ee 
SIGNAL OUTPUT 


= DEMODULATOR 


Fig. 3.—Electrical circuit of experimental reproducing system. 


The electrical circuits associated with the head are shown in 
Fig. 3. The 50ke/s excitation current is supplied from a multi- 
vibrator which also provides a 100kc/s feed, through a phase- 
shifting network, to the balanced demodulator. The wire is 
tuned to 50kc/s with a suitable condenser, and the coil is tuned 
to twice this frequency. The output from the coil is fed, 
through a stage passing frequencies in the range 90-110kc/s to 
the demodulator, which is followed by a suitable signal-frequency 
amplifier. Measurements on a stationary tape require a d.c. 
signal amplifier unless, as is probable, only the magnitude of the 
flux is of interest. In that case measurements can be made on an 
oscilloscope connected before the demodulator. 

In practice, the head is found to be extremely sensitive to the 
presence of external polarizing magnetic fields, even though it is 
screened by a double-walled Mumetal box. Also, since the core 
material has a comparatively high retentivity, trouble may be 
experienced owing to remanent magnetization in the core. To 
overcome these difficulties a balancing circut has been introduced. 
As shown in the Figure, this consists of a small battery feeding 
the head coil through a large variable resistor. With the tape 


shows the output obtained at various excitation currents, using 
a signal frequency of 100c/s and a tape speed of 15in/sec. The 
phase of the head output changes with excitation current, but a 
corresponding phase adjustment can be made in the demodulator 
as each new value of current is selected. It is clear that, at the 
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Fig. 4.—Variation of sensitivity with the excitation current in the wire. 


Consequently, it is desirable that a . 
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“/maximum value of 2:9 amp available, the sensitivity has not yet 
reached its maximum, although the curve has begun to rise less 
\steeply. The remainder of the experiments to be described 
were carried out using the maximum excitation current available. 
| Frequency responses of the head were measured at a variety 
‘of tape speeds from 74 to 100 in/sec, and from the results obtained 
(denoted by crosses) the composite curve of Fig. 5 was plotted. 
In this Figure, the output of the head, corrected for electrical 
‘losses in the recording and reproducing chains, is plotted against 
\the reciprocal of the recorded wavelength. The results are 
‘therefore in the form of a universal curve, from which the 
‘response/frequency characteristic at any particular tape speed 
‘can easily be deduced. 

| The fall in the response of the head at short wavelengths is 
attributable to the various losses that occur during the recording 
| process, and to the so-called “gap loss” in the head itself.6 This 
| was demonstrated by using the head as a conventional repro- 
_ducing head. The 50kc/s excitation was disconnected, and the 
coil output was fed into an integrating reproducing amplifier to 
correct for the fundamental 6dB/octave rise in response. The 
relative output obtained under these conditions is denoted by 
the circled points in Fig. 5. The slope of the curve in the medium- 
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Fig. 5.—Response of the experimental head as a function of the 
reciprocal of the recorded wavelength. 


x Used as a flux-sensitive head. 
© Used as a conventional reproducing head and corrected by 6dB/octave. 


wavelength range (theoretically the slope should be zero) is also 

a phenomenon found in conventional reproducing heads, and 
this is again demonstrated by the circled points. In fact, the 
‘only difference in the response of the head under the two con- 
ditions of operation is the expected one of 6dB/octave between 
the two frequency characteristics. 

The decrease in the response of the flux-sensitive head at very 
long wavelengths is a function of the overall dimensions of the 
head. For the response to remain flat the pole-pieces of the 
head must be capable of collecting all the flux available from at 
least half a wavelength of the tape. Obviously, as the recorded 
wavelength becomes larger, the tape flux spreads further out from 
the tape surface so that this condition cannot be achieved. Very 
approximately, it might be expected that the response should 
fall by 6dB when the overall dimensions of the head are equal 
to a quarter-wavelength. In the present instance, these dimen- 
sions are of the order of #in (approximately one-third of those 
of a conventional iron-cored head) so that a 6dB loss should 
occur at a wavelength of about 1-Sin. An examination of the 
curve of Fig. 5 shows this to be approximately correct. 
Obtaining an improved long-wavelength response does not 
necessarily entail enlarging the whole head. It is sufficient to 
lengthen the front surface of the core by, for instance, mounting 
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high-permeability metal flanges which extend outwards each 
side in proximity to the tape. 

The signal/noise ratio obtainable from the system in its present 
form is about 40dB relative to the maximum signal output for 
3% total harmonic distortion. This figure was actually measured 
at a tape speed of 15in/sec with the long-wavelength response 
left as indicated in Fig. 5, but with the high-frequency response 
equalized to be flat up to 10kc/s. A signal/noise ratio of 40dB 
is less than would be obtained from a conventional a.f. recording 
machine at the same tape speed. This is partly to be expected, 
in that the flux-sensitive system has a considerably better response 
at long wavelengths, and in this region, slow variations in the 
magnetic properties and dimensions of the coating along the 
length of the tape may give rise to appreciable noise components. 
A large part of the noise from the experimental system is not, 
however, fundamental and could probably be considerably 
reduced in equipment designed for a specific application. 

The upper limit to the signal frequency which could be accom- 
modated by a head of this type depends primarily upon the 
highest excitation frequency that can be used. The impedance 
characteristics of the excitation circuit of the experimental head, 
over the frequency range 50kc/s—1 Mc/s, are shown in Fig. 6. 
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Fig. 6.—Impedance characteristics of the head at various 
excitation-current frequencies. 


These results were obtained at low currents, but they give an 
idea of the way in which the impedance of the head increases 
with frequency. They indicate that the wire has an inductance 
of approximately 7 wH and an effective series resistance which is 
proportional to frequency. At 50kc/s the resistance is approxi- 
mately 0:1 ohm, so that the power required to provide the neces- 
sary excitation at this frequency is about 1 watt. In practice, 
hysteresis losses at the high flux densities involved make the 
power requirements considerably higher. At excitation fre- 
quencies much above 200kc/s it might be difficult to provide 
sufficient excitation without undue heating of the core. This 
limit could, however, be raised by using a different grade of core 
material and by feeding the wire with a non-sinusoidal current of 
high peak value but low r.m.s. value.> 
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(5) POSSIBLE APPLICATIONS OF FLUX-SENSITIVE HEADS 

The most obvious application of the flux-sensitive method of 
reproduction is where the signals are confined to very low 
frequencies and a long playing time is required. Conditions of 
this kind often occur in physiology and medicine when heart-rate 
or brain-wave phenomena are to be examined. The signals 
involved contain components in the range 1-100c/s, and it is 
usually necessary to record for very long periods in order to 
observe a possible abnormality. The flux-sensitive head de- 
scribed in the previous Sections could meet such requirements 
quite easily. For instance, a substantially flat response from 
1 to 100c/s could be obtained without any equalization by 
running the tape at lin/sec. This is clear from Fig. 5, in which, 
at a tape speed of 1 in/sec, the abscissae represent frequency in 
cycles persecond. Under such conditions there would, of course, 
be no need to use such a high excitation frequency. Aiso, it 
would be an advantage to use a much lengthened head core. In 
this way the extreme low-frequency response would be con- 
siderably improved, and the tape speed could be reduced to 
provide an even better playing time per reel. 

The reproduction of signals such as pulses, which contain 
components over a large frequency range down to zero frequency, 
presents a number of problems. In the first place, a flux- 
sensitive head, in common with conventional reproducing heads, 
relies primarily for its operation upon intercepting as much as 
possible of the external tape flux. On these grounds, therefore, 
the reproduction of zero-frequency, or infinite-wavelength, 
signals is impossible, and most pulse-reproducing systems will 
have to incorporate some form of d.c. restoration. Nevertheless, 
the use of a flux-sensitive head may improve the situation at the 
very-low-frequency end in two ways—by increasing the response, 
and by providing a modulated output from the head and thereby 
easing some of the problems of transformer and amplifier design. 
Whether a flux-sensitive head of the type described can be used 
will, however, depend upon the maximum signal frequency to 
be reproduced, since, if this is very high, the excitation frequency 
required may exceed the practical limit. In some cases, the 
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difficulties at high frequencies might be overcome by winding » 
balanced coils on the two side limbs of a flux-sensitive head core ~ 
and covering the high-frequency end of the range by conventional, 
reproducing technique. i 
A further application of the flux-sensitive head may arise in 
cases where a detailed examination of various recorded informa- — 
tion, such as transient phenomena, is required. The recorded 
information could be replayed at very slow speed, or, if necessary, _ 
discrete measurements of the information could be made at! 
various points along the tape. The method would have advan- 
tages over the normal pen-recorder technique in that very rapidly 
varying transients could be accommodated by adjusting the tape | 
speed on recording, and long-period analyses could be made | 
without wastage of recording material. . 
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DISCUSSION ON “SOME APPLICATIONS OF THE ELECTROLYTIC TANK 
TO ENGINEERING DESIGN PROBLEMS’’* 


dere the NORTH-EASTERN RADIO AND MEASUREMENTS GROUP at NEWCASTLE UPON TYNE, Ist March, the NORTH-WESTERN CENTRE af 
MANCHESTER, 4th May, and the SOUTH-WEST SCOTLAND SuB-CENTRE, at GLAsGOw, Ist December, 1954. 


\ 
i Mr. J. Wainwright (communicated): The paper mentions only 
| solutions which have been dealt with adequately in the literature, 
hind there is no reference to three-dimensional fields having no 
i lanes of symmetry. Although the typical examples given in the 
per probably cover the majority of engineering design problems, 
‘the need occasionally arises for investigations into the more 
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installations. Schmidl,} in addition to general information on the 
use of tanks, has given some details on ‘‘mixed’’ fields of the 
capacitive-resistive type. Have the authors any information or 
experience concerning this type of measurement ? 

Mr. C. G. Giles (at Newcastle upon Tyne): Although the electro- 
lytic tank as an analogue method of solving field problems has 
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Fig. D.—Electrolytic-tank plot of equipotential lines in a section of a transformer. 


complex fields. Such investigations can be carried out only in a 
deep tank containing a three-dimensional model and using a 
probe which can be adjusted in all directions. Published informa- 
tion on this type of measurement appears to be very scarce. 
Peplow7 has given some very useful practical information on the 
capacitive type fields which are found in high-voltage switchgear 


* Diccie, H., and Hartt, E. R.: Paper No. 1267 M, February, 1954 (see 101, 


Part I, p. 349). 
{+ PepLow, M. E.: Electrical Times, 15th February, 1951, p. 256. 


been known since about 1875, it really became a practical tool 
in the mid 1920’s with the development of electronic oscillators, 
amplifiers and detectors. The field of application to the tank 
was greatly increased in the 1940’s by the methods suggested for 
representing dielectrics of different permittivity by stepping the 
tank bottom and the use of conducting pins. 

I have used the technique since 1928 for the solution of a wide 


+ Scumip1, H.: Elektrotechnik und Maschinenbau, 1953, 14, p. 309. 
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range of problems in transformer and alternator design relating 
to the distribution of electric stress in the vicinity of windings 
and bushings, magnetic-leakage field plots and thermal gradients 
in stator- and rotor-winding assemblies. In addition, investiga- 
tions were made on turbine-blade assemblies to determine the 
effect of alteration in blade contours and different inlet and outlet 
angles. 

Fig. D shows the measured equipotential lines and freehand 
plot of lines of equal stress to conform with an orthogonal con- 
figuration of a longitudinal section of the top part of the windings 
of a transformer, including the main lead from the h.t. winding, 
as obtained in an electrolytic tank. 

In order to permit a straightforward experiment to be carried 
out it was assumed 

(i) That the radii of the core and coils were sufficiently large in 

relation to the. section of the transformer under tests, so that a 

2-dimensional plot could be made on a longitudinal plane through 

the axis of the coils. 

(ii) That the insulation between windings 
homogeneous. 

(iii) That the transformer-tank walls were sufficiently far away 
from the region under test to have negligible effect. 

Fig. E shows an application of the electrolytic tank to 
mechanical engineering. This is a representation of the stream- 


and core was 


Fig. E.—Electrolytic-tank plot of blade streamlines. 


line flow around one of a cascade of turbine blades under certain 
‘specified conditions. 

If a conducting body is immersed in a fluid between two charged 
plates, the equipotential lines in the fluid surrounding the im- 
mersed body are exactly similar to the lines of flow passing 
around the body, or through which the body is moving with a 
velocity parallel to the charged plates. Under these conditions, 
there can be no non-parallel component produced as the result 
of simple flow in a perfect fluid, and in order that an effect 
analogous to the “‘lift’’ of a blade may be obtained, it is necessary 
to superimpose upon the perfect fluid streamlines a circulation 
about the body. The effect of circulation is given by the applica- 
tion of potential to the blade itself—in this example, 45% of the 
upper blade potential. 

At the left- and right-hand sides of the diagram the equally- 
spaced equipotential lines represent equal quantities of fluid 
moving in parallel lines and with the same velocity in the direc- 
tion of the blade. As the blade is approached, the lines divide 
and pass around the blade, more passing around the upper than 
the lower surface. Since the gradient above the blade is steeper 
and more fluid has to take this path, the velocity of the fluid over 


the upper face will be greater than that over the lower. Froh 
Bernoulli’s theorem, the total energy of a stream of fluid i) 
constant when no work is-done. 


ih 


the 


Since the fluid on the uppe) » 


surface of the blade increases in velocity its pressure mus) © 


decrease, whilst conversely, the pressure of the fluid passin; 
below the blade must increase. There is thus a component 0: 
pressure on the lower surface of the blade. It is this unbalaaa 
pressure component which gives the blade its “‘lift.”’ 


Mr. R. B. Burtt (at Newcastle upon Tyne): There is no mentior ft 


inl 


in the paper of the electrode materials that were used in the tank| ,) 


nor of the type of probe used. Do the authors feel that the harc! 
water of the north-east would be as suitable for field mapping 
as that supplied by the Manchester Corporation? 

It is interesting to note that the authors use an approximatior 
in deciding the width of the slot in Fig. 5 that represents the 
porcelain shed. Have they thought of using some sort of) 
Carter’s gap coefficient in deciding the depth of the slot, in order 


to avoid the trouble of pinning the boundaries? Have the 
authors had any experience in the use of solid semi-conductors| | 


for simulating materials of high permittivity ? 


Electrolytic-tank models are often used for the determination) , 
of the potential grading of the elements in large circuit-breakers,|) , 
The model is usually a 3-dimensional one and of a relatively small! , 


scale. 


are thickened where necessary to allow for adjacent porcelain 
masses. Results obtained with this type of model have agreed 
very well with full-scale test values. I would be interested to 
know the authors’ experiences of this kind of tank work. 

Mr. J. M. Elliott (at Newcastle upon Tyne): The authors’ 
method of recording the equipotentials is especially good. 


advantageous to be able to see the form that the equipotential | 
pattern is taking whilst carrying out the actual plot, and I am 
sure that the cross-wire indication directly above the probe will — 


enable the time spent in actual experiment to be reduced. 
Whereas all the other systems do not necessarily entail inac- 
curacies, by virtue of their recording methods, that used by the 
authors is compact and must therefore be a useful addition to 
any research or design department. The method of calibrating 
the tank using concentric electrodes is ideal, since the limitations 
normally imposed by the tank boundaries are entirely eliminated; 
these effects were well indicated in a tank I constructed some 
years ago. It was decided to check a known field, and as is 
usual when checking a device which relies on graphical plotting. 


Approximations are used to a large extent, in that resistors 
represent the lumped capacitances of bushings, and conductors | 


It is | 


| one containing straight lines and circles was considered desirable. 
"The field surrounding two parallel conductors was therefore 
‘| chosen. This consists of circles surrounding the conductors with 
' their centres on the projected line joining the centres of the con- 
’ | ductor, but compressed towards the space outside the conductors, 
. _ and one straight line midway between the two conductors and at 
| right-angles to the centre line. On plotting the field from a 
_ model in the tank, this was found to be the case, and true circles 
were plotted immediately around the conductor while the mid- 
| potential line was straight. Towards the outside of the plot, 
however, the field was compressed inwards, thus behaving as 
' though there were other conductors parallel to the first pair but 
| outside the tank, and this reflected image is the effect of the tank 
| boundaries. The effect was apparent on all four walls, but was 
‘more noticeable at the sides, owing to the dimensions of the 
| tank. Thus as the tank boundaries take up a potential and 
' influence the field, the models have to be suitably arranged to 
| take this into account, as mentioned by the authors. 

' Some interesting plots were also taken, showing the electro- 
| static fields existing in electronic valves, although they would 
_ not be directly applicable when the valves were conducting. One 
_ particular plot depicted the field inside a variable-mu valve, and 
' may be of use to lecturers in electronics. It showed how the 
| valve is made to cut off gradually, by virtue of the variable grid 
| spacing affecting the local intensity of the field. The model used 
| was that of a valve having a spiral grid, the mesh being fine at one 
end and opening out to a coarser mesh at the other. 

Mr. A. L. Shaw (at Newcastle upon Tyne): In the Introduction, 
there is a reference to “the well-known technique of curvilinear 
squares.”” My experience is that very few engineers engaged in 
the solution of general electrical engineering problems (as 
opposed to those of specialized design) are, in fact, conversant 
_ with this method of field mapping. Knowledge of the method is 
not enough; as stated by Attwood* “‘facility in field mapping is 
acquired only by hours of persistent endeavour expended in the 
solution of field problems.’ This was also made clear by 
Moore,t who has given a graphic description of the method. I 
_ mention this because the non-specialist engineer with a problem 
| of field plotting to solve often wastes time in looking up details 
_ of the method only to find that, by the time he has acquired the 

necessary practice, it would have been quicker and cheaper to 
' obtain the use of an electrolytic tank. 

The authors have not mentioned one application of the 
electrolytic tank to which I think it is particularly suited, namely 
_ the design of liquid rheostats, particularly water rheostats, for 
_ the artificial loading of large water, steam or gas turbo-generator 

sets. 
| The electrolytic tank as described by the authors is essentially 
a 2-dimensional field plotter. An improvement could be made 
by using a conducting gel as the electrolyte and by colouring 

' this gel with a thermometric dye having a suitable number of 
irreversible colour changes over a range of temperatures from, 
say, 60 to 200°F. By passing a relatively high current through 

_ a tank of this nature for a brief period it should be possible to 
produce a self-plotted field in three dimensions simultaneously, 

! based on the resistive losses between the various equipotential 
lines. The gel electrolyte could then be sliced into suitable sec- 

_ tions, and the results would be comparable to those obtainable 
by the photo-elastic method of mechanical stress analysis. This 
technique would, of course, depend on the availability of a 
suitable gel and also of a thermometric dye giving a number of 
colour changes at relatively low temperatures. Typical thermo- 
metric pigments available commercially at present can give four 
colours in succession within the range 100-700°C, which is 


* AtTwoop, S. S.: “Electric and Magnetic Fields” (Wiley and Sons, 1941). 
+ Mooreg, A. D.: “Fundamentals of Electrical Design” (McGraw-Hill, 1927). 
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inconveniently high. However, manufacturers of such pigments 
or dyestuffs might be able to develop a suitable product if the 
proposed application were brought to their notice. 

In Section 3.3.1 mention is made of the study of heat flow 
through the walls of buildings, and it would be interesting to 
have an illustration of such a problem and its solution. The 
method of reproducing the temperature gradient in the air 
adjacent to flat-wall surfaces would be of particular interest. 
A common problem in the heating of buildings, which would 
lend itself very well to solution by the electrolytic tank, is the 
distribution of floor-surface temperatures for various installed 
depths and lateral spacings of embedded floor-heating elements. 
Such elements commonly take the form either of hot-water pipes 
or electric resistance cables, the latter being an increasingly 
popular method of heating large buildings. With rooms having 
relatively high heat losses (and therefore high heat loading per 
square foot of floor), it becomes important to know just how 
deeply to embed the heating cable in order to avoid uncom- 
fortably high surface temperature, and at the same time to avoid 
undue increase in floor-screed thickness. It is also useful to be 
able to estimate the temperature of the wall and floor adjacent to 
the skirting boards, since this is, in some cases, a convenient 
location for the supply wiring. 

Dr. R. Feinberg (at Manchester): The designer of new equip- 
ment has fundamentally the choice of three different methods of 
approach to enable him to find the required design data. First, 
he may use the method of extrapolation from already existing 
similar designs—in other words, he may make an intelligent 
guess; secondly, he can establish the data by mathematical 
treatment of his problem; and thirdly, he can find the data by 
measurement on suitable model designs. The authors have 
shown a number of practical engineering problems where the 
third method is the appropriate line of approach in order to 
achieve a satisfactory result. 

With regard to the example given in Figs. 2, 3 and 4, where the 
dielectric components in the electric field are air and porcelain, 
the respective permittivities are 1 and 6 to 8, and the higher 
permittivity of the porcelain is simulated by the authors in their 
electrolytic tank by an increased depth of the electrolyte. How 
far is it accurate to apply this method of simulation, and is there 
not a substantial factor of distortion introduced in the simulation 
of the electric-field conditions ? 

Would the authors express an opinion on the use of the low- 
conductivity paper method, instead of the electrolytic tank, for 
the mapping of electric fields? 

Mr. W. P. Baker (at Manchester): The electrolytic tank has 
been subjected to some criticism over the past year or two on 
the score of accuracy, and it is worth commenting on the probable 
accuracy with which some of the boundary conditions may be 
specified. The Table in Section 3.3.2 of the paper shows how 
the permittivity changes with change of direction of stress, and 
Fig. F shows how the permittivity along the laminae varies with 
temperature for the same board. More important than the 
different values of permittivity along and through the laminae 
is the steepness of the permittivity/temperature characteristic 
between 80°C and 100°C. 

Clearly a change in the operating temperature of a few degrees 
Celsius in this range will require a new solution. Although 
this type of board contains more resin than would be expected 
in a bushing, it might well be used as a tap-changer panel and 
be subjected to stresses along the laminae. If a temperature 
gradient is possible in the board, the permittivity will change 
with position and also with stress, and although from an engineer- 
ing-design point of view the differences have their effect in the 
right way in relieving points of high stress, the example does 
illustrate that the accuracy of the tank is better than some of 
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Fig. F.—Variation of the permittivity of s.r.v.p. board (stressed along 
the laminae) with temperature. 


the information with which to start a problem. A few examples 
of magnetic materials might equally well be invoked to support 
the argument. On the few occasions that high accuracy is 
desirable and possible, a great saving in time may be effected by 
obtaining a good approximation by means of the tank and then 
relaxing the solution to the desired degree of accuracy. 

Mr. V. H. Attree (at Manchester): 1 would like to describe a 
new type of probe assembly and detector unit which simplifies 
the actual plotting procedure. On the earlier tanks it was usual 
to employ a pantograph system which followed the path of the 
probe electrode so that the potential plot was obtained on a 
sheet of paper at the side of the tank. More recently the authors 
have used a horizontal sheet of Perspex located vertically above 
the surface of the electrolyte and having a lead-screw drive to the 
probe electrode. The plot is made on tracing paper placed over 
the Perspex sheet, and the exact position of the probe is indicated 
from below by illuminated cross-wires, thus avoiding the lost 
motion inherent in the pantograph system. Balance was deter- 
mined aurally by means of telephones. 

Prof. Bradshaw* has suggested that the plotting process could 
be speeded up if the probe were suspended by a permanent- 
magnet system having one set of magnets below the Perspex and 
the other set above. The probe could then be moved in any 
direction by moving the upper magnet assembly. This arrange- 
ment dispenses with the lead screws and gives complete freedom 
of movement to the probe. Having simplified the probe system, 
the next step is to eliminate the telephones. This is done by 
providing a visual indication of null balance directly on the light 
which illuminates the cross-wires. The “bright up”’ indication is 
obtained from a small electronic unit containing three valves. 
This unit amplifies and rectifies the unbalance signal and uses 
the resulting direct current to control an oscillator which operates 
thelamp. With an exact null indication the lamp is at full bright- 
ness, whilst with an unbalance of 1m¥Y (r.m.s.) the lamp is just 
extinguished. This sensitivity is adequate for all practical pur- 
poses, since it implies a discrimination in potential of 0-1°% with 
an excitation of only | volt across the tank. 

The arrangement works quite successfully and has been used 
for a number of potential plots. However, it has one disad- 
vantage over telephones in that it is necessary to adjust the gain 
control occasionally in order to suit the potential gradient on 
the contour being followed. If this is not done, too high a 
sensitivity makes it difficult to locate the null point, whereas too 
low a sensitivity gives an uncertain null indication. The difficulty 
does not arise with telephones owing to the logarithmic nature 
of the amplitude response of the ear. It is hoped to eliminaté the 

* BRADSHAW, E.: Proceedings I.E.E., 1954, 101, Part I, p. 364. 


need for gain control by a new electronic detector unit having a 4 
logarithmic response. 

The magnetic probe suspension associated with a really simple ‘i 
visual indicator appears to be much more attractive than a fully Ji 
automatic plotter, which is complex and expensive. 

Mr. J. D. Hodgetts (at Manchester): Fig. 15(b) is particularly — 
helpful in the understanding of the particular feature of the core- 
less reactor, namely the straight-line voltage/current characteristic. | 

As is well known, any current-limiting reactor, particularly | 
when it is used in a system with a high over-current fault rating, 
must have a well-defined reactance at maximum fault current. | 
To this end a straight-line voltage/current characteristic is 
undoubtedly desirable, and Fig. 15(b) illustrates how this is 
achieved. The effectiveness of the cylindrical shield in confining 
the flux to a non-magnetic path (the requirement for constant 
reactance) is readily evident, and although in practice the steel 
tank is in close proximity to the outside of the shield, negligible — 
flux passes into it. The ratios of the governing dimensions of | 
the model approximate very closely to those used in modern | 
practice, and the plot is therefore typical of most reactors at 
present in service or manufacture. 

A reactor of similar dimensions to those of the model was | | 
short-circuit tested. The peak asymmetric short-circuit current | 
was approximately 50 times the normal full-load r.m.s. value. 
Twenty-two tests were made and oscillographic records were 
taken. The reactance under asymmetric short-circuit conditions 
varied about 5°% above and below the mean value, and the mean 
value showed no reduction from that at normal full-load current. || 

The hyperbolic base appears to be fundamental for a coil whose’ | 
field path is entirely non-magnetic, and the authors’ method of 
representation of the shield in the model seems to be in con- 
formity with the electromagnetic and physical principles govern- 
ing the relationship of the shield to the coil in practice. The 
slight errors which may occur owing to the longer current paths 
through the well of the hyperbola and the introduction of the 
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—-—-—-— Measured field strength. 

Y-Y Inside surface of coil. 
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Fig. H 


| — Calculated field strength. 

| ———— Measured field strength. 

Y-Y Inside surface of coil. 

| X-X Axial centre line through coil. 


| brass strip, are small and of little significance in the determination 
of flux density within the coil itself. 

_ Equal resistances have been fitted to the model as shown in 
Fig. 16. Evenso, it would be difficult to determine by calculation 
the actual current flowing through the individual probes repre- 
Senting the turns of the coil, although there may be some mutual 
adjustment of the length of the current paths and current densities 

in the electrolyte. The establishment of equal currents in the 

probes is certainly necessary for the accuracy of the field plot. 

' The comparison with Fig. 17 is interesting and indicates a 
method of determining local and r.m.s. values for the ultimate 
purposes of economic design. 

. Reference is made to the comparison of the field configuration 

‘given by the electrolytic bath and by means of a small search coil. 

Fig. G shows this comparison, and Fig. H shows the comparison 

between the field configuration given by the search-coil method 

and as given by calculation. 
_ Mr. E. G. Wright (at Manchester): The electrolytic tank enables 

‘solutions of electric-field problems to be simply and quickly 
obtained, and it may be assumed that the technique is now well 

established. However, the information is not efficiently used if 

one is satisfied, as the authors appear to be, with a mere inspection 
of the field plots. Efforts should now be directed to determining 

‘the stresses which cause corona or breakdown in various dielec- 

trics, in order that the information from the plots can be fully 
and effectively used. 

Despite the complicated nature of the breakdown mechanism, 
‘it is already possible in some cases to predict breakdown voltages 
from field plots, and as more information becomes available, 
the electrolytic tank will become an indispensable tool for all 
designers of high-voltage equipment. 

As shown in Fig. 8, the initial impulse distribution in a trans- 

former winding can be obtained with the electrolytic tank, but it 

should be remembered that it is only correct for an infinitely steep 
wavefront that would charge all the winding capacitances before 


aif DISCUSSION ON “SOME APPLICATIONS OF THE ELECTROLYTIC TANK TO ENGINEERING DESIGN PROBLEMS” 451 


current flowed in the self-inductances, and it does not give infor- 
mation on the subsequent oscillations which must occur unless 
the initial distribution is uniform. These oscillations usually 
cause significant stresses further down the winding, whereas the 
field plot only shows stress concentrations at the beginning of the 
winding. However, the field plots enable the improvement in the 
initial distribution effected by different shield designs or winding 
dispositions to be easily determined. As improvement in the 
initial distribution results in reduction of the oscillations, I agree 
that useful information can be obtained in this way. 

Mr. G. F. G. Clough (at Manchester): The problem of fluid 
flow differs from the problems represented by eqns. (1){(4) of 
the paper in that the fluid possesses mass. It would appear, 
therefore, that the streamlines shown in Fig. 18 refer to the flow 
of a fluid which, in addition to being incompressible, possesses 
no mass. Can the authors indicate how this difficulty can be 
overcome in problems of fluid flow? 

What standard of cleanliness is necessary for the metallic parts 
of the models in order to obtain consistent results ? 

Mr. N. Ashton (at Manchester): From a brief inspection of 
Fig. 8 it appears to me that these plots would not have been 
very different had only the 0 and 100% electrodes been used 
and the turns of the h.v. coils been omitted. 

J am very interested in the plots of current-transformer leakage 
fields shown in Fig. 14, but these problems are very rarely 2-dimen- 
sional since bends and loops in the primary conductors introduce 
a 3-dimensional aspect. Also, these problems are often further 
complicated by several cores of different magnetic materials being 
mounted on the common primary conductor or coil. Do the 
authors know any method of representing, in the electrolytic 
tank, permeabilities ranging from unity to several thousand ? 

Prof. F. M. Bruce (at Glasgow): In colleges the tank method is 
usually used with a metal sheet of resistive material in place of 
the electrolyte—this is convenient and clean, and sufficiently 
flexible for carrying out measurements with simple field con- 
figurations that can then be checked by analysis. Thus the 
student is instructed in the fundamental theory and introduced 
to the technique; this is the correct order of emphasis for an 
undergraduate course. All forms of analogue require a sound 
knowledge of field theory before the technique can be applied to 
a given problem. 

Could the authors indicate a suitable ratio between tank and 
model dimensions, and give any information on the possibility 
of representing an insulator with conducting glaze in tank tests? 
Have they any experience of using the tank for 3-dimensional 
models other than those which can be represented by a wedge 
tank? 

In the application of the tank technique to fluid-flow problems, 
the restriction to non-compressible flow lines should have been 
given greater emphasis. The method is so attractive that it 
may be used under flow conditions to which it is not applicable, 
and in preference to other methods which are. 

Mr. D. S. Gordon (at Glasgow): The electrolytic tank is a very 
versatile tool, and by elaboration, capable of considerable 
accuracy and the ability to solve automatically such problems 
as the determination of electron trajectories in complicated fields. 
However, for many purposes, perfectly adequate results can often 
be obtained from very crude apparatus. 

For teaching, the use of liquids—particularly corrosive elec- 
trolytes—is to be avoided if possible, and where principles only 
are being illustrated, graphite-coated card yields good results and 
may well be preferred. The system may also be simplified by 
using a d.c. supply and a galvanometer as a detector. The 
graphite-coated paper has the further advantage that a second 
layer of narrow graphite strips sprayed on top of the base layer 
gives the effect of different permittivities at right-angles, without 
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the necessity for distorting the model. Simple techniques of this 
sort are sufficiently accurate for estimating seepage in soils 
where the constants can only be estimated approximately. 

It would be useful if the authors, from their experience, would 
give some more practical information on electrolytes, materials 
used for boundaries and probes, the effect of meniscus and the 
type of detector employed. When it is required to obtain the 
greatest possible accuracy from a given size of tank, attention to 
details such as these is most important. This, of course, pre- 
supposes that deficiencies in the mechanical design of the tank 
and probe carriage do not limit the ultimate accuracy. 

Mr. L. M. Haddow (at Glasgow): The authors mention the 
use of tap water. I have used the electrolytic tank for various 
simple field problems, and have found that tap water is not 
very satisfactory, since its very high resistance (which might be 
a feature of the Glasgow water supply used) makes detection more 
difficult. Copper electrodes with slightly-acid copper-sulphate 
solution were used, the supply frequency being SOc/s. Polariza- 
tion then caused some trouble, and I found that the probe 
voltage could not be completely balanced out by a sinusoidal 
voltage tapped off a resistance divider. There was always a 
complex residue which upset the detection. I also found that 
there could be quite considerable and uncertain voltage differences 
across the boundaries between the electrodes and the electrolyte. 
Have the authors encountered this difficulty ? 

Messrs. H. Diggle and E. R. Hartill (in reply): The object of 
the paper was to indicate in a general way some of the types of 
problems in electrical engineering which can be solved con- 
yeniently by the electrolytic bath. Many of these involve only 
2-dimensional work, and considerations of space prevented our 
dealing with 3-dimensional technique. The lack of published 
information on deep-tank technique, to which Mr. Wainwright 
and Prof. Bruce refer, is largely due to the inherent difficulty in 
representing different permittivities. In the measurements on 
switchgear installations, to which Messrs. Burtt and Wainwright 
refer, the different permittivities have not been taken into account, 
so that the results can only serve as a guide. 

Our work on the representation of different permittivities in 
3-dimensional work is not sufficiently advanced for us to be able 
to report that we have reached a completely satisfactory solution, 
and even with the refinements we have in mind it is not possible to 
represent service conditions of pollution or high humidity. 

In the deep tank which we have constructed, plots in a hori- 
zontal plane are made at any depth, using the type of equipment 
already described, together with a probe sealed into a Smm glass 
tube, from which it projects 2mm. For plots in vertical planes 
‘the plotting table is swung into a vertical position immediately 
behind the probe. Vertical movement of the probe is achieved 
by a rack-and-pinion mechanism. 

In reply to Mr. Gordon, we use brass electrodes coated with 
Aquadag; and steel needle probes have been found satisfactory 
for potential measurements to accuracies of 1 or 2%. For more 
stringent requirements in plotting gradients to +1°% accuracy or 
better we have sometimes used silver-plated electrodes and liquid 
probes* together with pulse excitation to reduce polarization 
effects. Tap water has been found suitable in either case, and 
we would expect the water used in the north-east by Mr. Burtt 
and in Glasgow by Mr. Haddon to give similar results. 

We note Mr. Elliott’s confirmation of concentric electrodes for 

* SANDER, K. F., and Yates, J. G.: ““The Accurate Mapping of Electric Fields in an 


Electrolytic Tank,”’ Proceedings I.E.E., Paper No. 1370 M, August, 1952 (100, Part HU, 
p. 167). 


calibration purposes, and his approval of the cross-wire method | 
of plotting. Prof. Bradshaw’s modification using a magnet system,” 
was described in a most interesting manner by Mr. Attree. 

In reply to Mr. Shaw, we should perhaps have stated that the 1 
curvilinear square method was well established, and of more © 
immediate usefulness perhaps than mathematical methods. His 
ingenious suggestion for 3-dimensional field plotting in colour 
sounds fascinating. Our own experience in this field has been | 
limited to the recently developed sensitive crayons which we have 
used for surface temperature measurements. We would refer | 
Mr. Shaw to a paper* which deals with temperature distributions | 
in buildings and their assessment by means of the electrolytic | 
tank, and Dr. Feinberg to McDonald’s paper and to the con- | 
tribution by Mr. Einstein regarding the simulation of dielectrics. 
The conducting paper mentioned by Dr. Feinberg suffers from | 
non-uniformity. | 

We agree with Mr. Wright regarding initial impulse voltage | 
distributions and on the effort now required to correlate field | 
plots with breakdown voltages. ) 

Messrs. Baker and Giles have pointed out some of the assump- | 
tions which must inevitably be made with an electrolytic tank | 
model. Mr. Giles has also shown an interesting example of 
fluid flow through turbine blades in which circulation has been’ 
taken into account. The compressibility effects, mentioned by 
Prof. Bruce and Mr. Clough, can be accounted for,7 but no 
method has yet been devised for simulating boundary-layer 
phenomena. Mr. Hodgetts has indicated errors involved in 
magnetic field plotting. The discrepancies in Fig. G were due 
to the inherently weak electrodynamic fields in the model and 
the difficulty of manoeuvring the plotting probe between the 
probes representing the winding. Increased accuracy could have 
been obtained by greater subdivision of the winding although this 
would entail more complicated support and additional resistors. _ 
Permeabilities ranging from 1 to 1 000 mentioned by Mr. Ashton 
can be simulated by using solutions of appropriate conductivity 
which may be contained in separate insulating cells having thin 
walls. The walls are provided with metallic studs or jumper 
strips which ensure contact between the main electrolyte and 
the solution in the cell. Mr. Burtt has also referred to the use | 
of solid semi-conductors in this type of problem. 

It is apparently impossible to represent in the electrolytic bath 
the 3-dimensional magnetic field of conductors which are not 
entirely rectilinear or completely circular. If such a representa- 
tion were in fact feasible, the possibility would then arise of 
experimental verification of the Biot-Savart law for an element 
of circuit. It is perhaps significant, however, that the law is 
inherently incapable of experimental verification. 

It is not possible to answer Prof. Bruce’s query as to a suitable 
ratio between the tank and model dimensions, as it is dependent 
on the nature of the problem being studied; e.g. in Fig. 1 the 
boundary of the tank has no bearing on the conditions, whereas 
in Fig. 5 it is essential that it be at a considerable distance from 
the centre line of the bushing. 

Mr. Haddon refers to polarization difficulties. These are 
overcome by the square-wave technique of Sander and Yates.§ 


* “Study of Problems of Heat Transfer 5g — Analysis,” Building Research 
Congress, Division 3, 1951, pp. 1, 2, 3, 23 and : 
DF TAYLOR, Gek, and SHARMAN, G. E.: A Mcbanie Method for Solving Problems 
of Le in Compressible Fluids,” Proceedings of the Royal Society, London, A, 1928, 
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(Longmans), p. 110. 
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SUMMARY 


The maintenance of the complex mass of equipment which con- 
titutes the modern automatic telephone exchange requires to be 
ifferent from that of most engineering plant, mainly because the 
inding of the faults is so much more difficult than their subsequent 
‘epair. A comparison of maintenance practices throughout the world 
eeds first to be qualified by differences in the design of systems and 
lant. With this reservation, the experiences in the British Post Office 
ad abroad with overhauls, cleaning, routine testing, alarms and 
Poning devices are then reviewed and compared. This leads to 
he compilation of a pattern of maintenance effort in relation to the 
-ffect on service and reveals the many alternative methods of preven- 
‘ion, disclosure and correction of service failures. The relative efficiency 
of methods of reducing the number of plant faults or reducing the 
number of calls affected by each plant fault is then discussed, and it is 
suggested that there may be a drift from the old-established policy of 
routine preventive maintenance in favour of a flexible and qualitative 
policy to suit the local condition of the plant. At the same time, the 
| 


} 
i 


design of maintenance aids appropriate to modern technical develop- 
ine in switching systems is reviewed. The paper concludes with a 
Bibliography and a list of definitions of terms that are used with a 


restricted meaning in the text. 


= 


(1) INTRODUCTION 

Maintenance practice in automatic telephone exchanges can 
take many forms. To some specialists it means the design and 
provision of adequate testing equipment; to others it means 
adjustment instructions and techniques; there are those who 
concentrate on periodical overhauls and routine tests as the 
essence of preventive maintenance, while others stress the 
procedure for prompt handling of reported failures. The object 
of the paper is to make a critical review of these maintenance 
details in turn and to deduce some general principles from 
practical experience in the United Kingdom and abroad. It is 
not to be expected that a precise policy will be advocated for any 
one telephone system, but it is necessary to bring all the main 
factors into proper perspective so that the most efficient main- 
tenance policy can be decided for any type of exchange plant 
and for any condition of service. The possible misunderstanding 
of commonly used maintenance terms is avoided by using the 
more precise definitions quoted in Section 10. 


(1.1) Scope of Review 


To keep this paper to readable proportions, it is not possible 
to give detailed technical descriptions of all the many main- 
tenance facilities quoted; there is normally no difficulty in getting 
such information from technical journals and from the main- 
tenance instructions published by telephone administrations. 
It has also been necessary to ignore many basic maintenance aids 
that obviously must be made available irrespective of contro- 
versial policies, but it is as well to mention a few of them by 
name. The maintenance staff must be provided with adequate 
and simple descriptions of the plant on which they are working 
(the British detached-contact circuit diagrams are an excellent 
example of this). Similarly, the methods of adjustment must be 


Mr. Palmer is in the Post Office Engineering Department. 


ji paper was first received 16th August, and in revised form ‘12th October, 1954. It was published in January, 1955, and was read before 


defined by instructions, the appropriate tools and spare parts 
must be made available and the staff must be trained in their use. 
Standard procedures, schedules and forms must be provided by 
every large-scale organization for the adequate control of the 
work. Finally, there are the many problems of organization, 
personnel and staffing which are outside the scope of an 
Institution paper. 
(1.2) Maintenance Standards 


By way of introduction, reference must also be made to the 
comparisons often made between the maintenance of telephone 
exchanges and that of other kinds of engineering plant.!.2 The 
quality or performance to be maintained depends on the tech- 
nical characteristics of the plant and on the service to be pro- 
vided. It is obvious, for example, that the standard of per- 
formance of a single electric lamp in a key position should be 
much higher than for a battery of 100 floodlights in which an 
average of 1% failure is of little consequence. Again, it is a 
fallacy to assume that routine preventive maintenance in the 
accepted sense is always practical or even effective. Continuing 
the analogy of illumination, if the daily testing and cleaning 
appropriate to an oil lamp were applied to an incandescent- 
filament lamp, the number of failures in service would be greater, 
not less. With these factors in mind, any review of telephone 
exchange maintenance must commence with a study of variations 
in plant design and function. Moreover, the design and manu- 
facture of apparatus and of systems can also materially contribute 
to maintenance efficiency if the requirements are fully understood. 


(2) PLANT DESIGN 


(2.1) Exchange Design 


It is generally accepted that fault location in automatic tele- 
phone equipment is easiest when each stage of the setting-up of 
calls digit by digit is a self-contained operation, such as in the 
non-director step-by-step systems [Fig. 1(a)]. By contrast, the 
designs that incorporate directors, registers, translators, markers 
or other controlling equipments that are dropped out of circuit as 
soon as the connection has been set up [Fig. 1(5)] introduce 
special maintenance problems in varying degree. 

For economy in the amount of switching plant to be provided, 
it is also essential to design the exchange trunking scheme on the 
basis of graded outlets, but striving for the last ounce of trunking 
efficiency is accompanied by serious disadvantages in service 
and in maintenance cost. It is significant, for example, that the 
British Post Office has decided to forgo the ideal grading of 
uniselector outlets in favour of having two ‘home’ positions, 
thereby avoiding at little cost the severe service handicap when 
a first-choice outlet is faulty during periods of light traffic. Even 
so, all gradings are designed to provide a given grade of service 
during the heaviest busy hour, not for average or continuous 
conditions, and the resultant wide variations in traffic per switch 
disturb the economics of standardized maintenance attention. 
The traffic distribution in a typical group-selector grading is 
shown in Fig. 2. The curve shows the distribution of busy-hour 
traffic (calculated traffic units) and it is seen that the load is fairly 
evenly shared by three-quarters of the total plant. The pillar- 
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Fig. 1.—Complexity of typical trunking. 


(a) Step-by-step system. 
(6) Common-control system. 


graphs show the typical weekly traffic (measured number of 
operations). From this it is deduced that the first 25% of 
selectors may operate 60 000 times in the course of a year while 
the last 25% are relatively idle at an average of 1 000 calls a year. 
Thus all faults do not have the same effect on service. If the 
economic frequency of routine maintenance is established for 
average traffic and average fault liability, it is bound to incur 
some waste of effort on the late choices and to be inadequate for 
the early choices in the gradings. 


(2.2) Apparatus Design 


Apart from the ways in which selecting devices may be 
arranged and used in the exchange trunking scheme, there are 
wide variations in types of switching mechanism. Among those 
that are primarily mechanical in type, different maintenance tech- 
niques are required for step-by-step mechanisms (Fig. 3), power- 
driven mechanisms (Fig. 4), and crossbar selectors (Fig. 5). 
There will be even greater differences in the maintenance require- 
“ments of electronic devices. 

Strength, reliability and stability are obvious requirements, 
although they must be related to first cost. Mechanical selectors 
have an almost indefinite life if piece-parts are replaced indi- 
vidually as they wear out, but a figure of two million calls is a 
typical life of an ordinary step-by-step group selector in practice. 
The infrequency of failure is more important than ultimate life, 
and any specified life tests should carefully define what routine 
readjustments and other preventive maintenance are required or 
are to be permitted. It is also necessary to define what con- 
stitutes a service failure (irrespective of wear) such as will justify 
renewal of component parts or other interference in the course 
of the life test. 

Accessibility for readjustment or replacement is not necessarily 
an important maintenance advantage; it depends on the fault 
liability. At its worst, maintenance accessibility may provide a 
temptation to interfere with something that is best left alone, 
but if some regular maintenance attention is essential—such as 
lubrication, cleaning or readjustment—then accessibility becomes 
an important feature in design. 
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Fig. 2.—Typical distribution of traffic in a grading. 


Widths of pillargraphs represent proportions of first choice, second choice, etc., in. 
the total quantity of selectors provided. This example refers to a 6-group 20-outlet 
grading of second-group selectors at a non-director exchange. 

Number of trunks in the grading = 61. 

Busy-hour traffic capacity of the grading = 36 traffic units. 


(2.3) Circuit Design and Tolerances 


The reliability and need for maintenance attention of any 
exchange apparatus cannot be fully defined or judged except in 
relation to the demands made on it by the circuits. This is 
largely a matter of tolerances on current adjustment and timing, 
and it accounts for a great deal of apparent conflict in reports on 
mechanical performance, particularly in comparisons between 
laboratory tests and field performance. In one sense there is no 
such thing as a “‘circuit fault’ or an “electrical fault,” for all 


are caused by some mechanical change of condition. In another. 


sense, there are many reported mechanical “‘failures’’ of dimen- 
sion or adjustment that ought to be classed as circuit faults 
because of unreasonable circuit requirements. 
of safety either increase the frequency of failure in service or 
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Fig. 3.—Basic ratchet-and-pawl selector mechanism. 
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— — Fig. 4.—500-line power-driven selector mechanism. 


sad to increased maintenance expenditure in the form of more 
requent overhauls, more stringent tests and the replacement of 
arts when only part-worn. 

The determination of acceptance-test standards calls for an 
sonomic balance between the cost of manufacture and the 
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expected life of the plant before maintenance attention will be 
needed. The maintenance aim will naturally be to make the 
acceptance tolerances as tight as practicable, irrespective of the 
extent to which they can be allowed to deteriorate before the 
apparatus fails in service. If, then, a particular circuit permits 
the standard mechanism to function correctly even when well 
worn [Fig. 6(a)], the test tolerances used for maintenance ought 
to be much wider than the acceptance limit, and so avoid unneces- 
sary readjustment. The more severe the circuit applications, the 
closer will be the maintenance tolerances on that same mechanism 
[Fig. 6(5)], leading to more-frequent readjustment. This is astate- 
ment of the maintenance ideal, whereas it is more usual to make 
acceptance and maintenance test limits the same; but the principle 
is stated, since it has a bearing on the use of such tolerances in 
overhauls and other maintenance work. 


(3) OVERHAULS AND CONDITION OF PLANT 


(3.1) Experience with Overhauls 


The service given by a telephone exchange is dependent to a 
large extent on the physical condition of its apparatus. This 
seems to imply the need for inspections and overhauls at regular 
intervals, and this kind of routine preventive maintenance has 
been conducted in most countries for many years. There have 
been remarkably successful results in some British telephone 
exchanges recently with concentration on the quality of mechanical 
overhauls above all other maintenance operations. To make this 
scheme of maintenance possible without increasing the staff, 
the functional routine testing was either abandoned or drastically 
reduced. This is a separate point, to be discussed later, but the 
immediate concern is that fault liability has been substantially 
reduced, particularly in unattended rural equipments. Then, 
as the second and subsequent cycles of overhaul required less 
attention, it has gradually been found possible to reduce the 
frequency of overhauls and to reduce the man-power sub- 
stantially, while still achieving a better quality of service than 
before. Economies have also been made by relating the 
frequency of overhaul of particular switches to the traffic carried 
(i.e. position in a grading), or to a fault history associated with 
each switch. 


(3.2) Experience without Overhauls 


In complete opposition to the above experience it is noted that 
the Bell System in America have ceased regular overhauls of 
step-by-step mechanisms. They have operated a rather elaborate 
fault-analysis scheme to bring defects to notice, but the main- 
tenance man is not expected to do any more than is necessary to 
clear each observed defect (actual or suspected), leaving every- 
thing else undisturbed. 

A similar outlook is observed in Sweden for their 500-line 
power-driven selectors. A so-called “‘overhaul’’ is given every 
few years, but it consists almost entirely of meticulous cleaning 
without readjustment, except at rural exchanges. Each 
mechanism is washed with a cleaning fluid and appears im- 
maculate and highly polished. A superficial mechanical inspec- 
tion is then made, and the only adjustment check is a jig 
measurement to ensure proper engagement with the power drives 
on the racks; this is mainly a measure of the wear of bearings. 
This concentration on extreme cleanliness is not practised any- 
where else to the same extent. 

Some laboratory experiments have been made by a British 
manufacturer, in an attempt to simulate maintenance con- 
ditions, with and without overhauls, and the results have been 
published in some detail.!© Some step-by-step group selectors 
were first given a carefully controlled life-test without main- 
tenance readjustment or overhauls other than lubrication and 
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bank cleaning. At the end of two million operations—equivalent 
to 40 years’ life under average exchange conditions—there had 
been one service failure per selector every 44 years. The com- 
plete test was then repeated with a fresh set of selectors, but this 
time with overhauls and readjustment at the equivalent of yearly 
“intervals. Every defect found during overhaul or inspection was 
listed as a routine plant fault, whereas stoppages of the test cycle 
were listed separately as service failures. The number of service 
failures was not reduced, but was 24 times as great as when no 
preventive maintenance was applied. The inference was that the 
overhauls caused more failures than they prevented. Accelerated 
laboratory tests cannot simulate exchange conditions entirely, 
but they indicate that the bearing and impacting surfaces will 
“bed in” if a selector mechanism can be allowed to remain 
undisturbed, and the switch is then capable of many years’ life 
without overhaul. 


(3.3) Condition of Plant 


To resolve the apparent contradictions in the above evidence, 
one must first make a clear distinction between routine over- 
hauls that are repeated at short intervals and those that are 
special and are made as required. Experience confirms very 
clearly that good service is dependent on good mechanical con- 
dition, irrespective of what testing and other maintenance work 
is performed. It follows that the need for an initial ovérhaul 
(and its thoroughness) depends on the state of the plant at the 


PALMER: MAINTENANCE PRINCIPLES FOR AUTOMATIC TELEPHONE EXCHANGE PLANT 


LU 
= Sau | AC 
S | 
C| y, 
pe ' 
SELGER Si 
: R 
$1 
Set 
100, 
AS MAINTENANCE 
oS Sar he TEST LIMIT 
y& 
wr corn ss 
SO 
. ACCEPTANCE / 
= TEST LUMIT 
N I Ee i et as en, a SSS A T LIMIT 
é i 
TIME 
- ; 
100 
aa S q os MAINTENANCE 
TEST LIMIT 
x ACCEPTANCE 
TEST LIMIT. 
— PS - a > ADJUST LIMIT 
g READJUST - 
TIME 
Fig. 6.—Comparison of adjustment tolerances. | 


FAILURE IN SERVICE, °%, 


FAILURE IN SERVICE, °%, 


° 


(a) Wide maintenance-test tolerances for a component when used in an easy circuit 
application. 

(b) Narrow maintenance-test tolerance for the same component when used in a” 
difficult circuit application. 


time, being influenced by the condition of adjustments when. 
originally installed and by subsequent good or bad maintenance. 
If the plant is not already in good adjustment appropriate to the: 


‘cuit demands made on it, a single and thorough overhaul is 
‘icessary to make it so. Thereafter, the plant will give the best 
sult if left alone so long as it is giving satisfactory service. 
_“nere may, however, be a special case for regular but infrequent 
verhauls in rural areas if a single plant fault at a remote un- 
tended exchange may cause a major breakdown of the 
change service; the cost of special attendance of an expert to 
erect each individual fault as it occurs is usually excessive. 


Je) (4) DUST AND VENTILATION 


(4.1) The Effects of Dust 


_ Apart from extremes of temperature and humidity, the greatest 
‘ffect of atmospheric conditions on maintenance reliability arises 
om dust. It accounts for a large number of faults described as 
dirty contacts” on relays, wipers and similar connections; it also 
auses abnormal wear of sliding or impacting parts, and it may 
tontribute to the sticking (failure to release) of relay armatures. 
Careful analysis of the dust in typical telephone exchanges shows 
hat it varies from long fibres visible to the naked eye, through a 
‘ange of “cinder” and other solid material, down to particles of 
300t of microscopic dimensions. It is the gritty dust that in- 
creases the rate of wear of sliding surfaces, especially if combined 
with oil or grease, but the false disconnection of light-duty relay 
contacts is largely due to lint and other fibrous dust larger than 
25 microns in size.! 

(4.2) Ventilation Systems 


Most large exchanges are provided with air-filtration plant 
because they are usually situated in towns where atmospheric 
dust is considerable. A costly installation of electrostatic 
precipitation is rarely justified, and it is usual to provide either 
screen-type, or the even cheaper impingement-type, filters. The 
efficiency of air filters for telephone exchanges can be judged only 
in relation to the kinds of dust that cause apparatus faults, and 
ventilating systems should not be condemned merely because 
test cloths across the outlets become black with smoke and fine 
soot. Particles of carbon less than 2 microns in size have a 
negligible effect on the performance of telephone-exchange plant. 
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(4.3) Local Generation of Dust 


_ Even perfect air filtration is of little value if dangerous dust is 
generated within the exchange apparatus room. It is most 
important to use wires and cables that do not shed lint and dust 
whenever they are handled. All kinds of apparatus and wiring 
should be either capable of being cleaned efficiently or should 
be enclosed so that the dust deposits cannot be scattered. Desks, 
filing cabinets, clothes lockers and other dust-producing items 
should be kept out of the apparatus rooms. Main distribution 
frames, where dust is being disturbed by daily rearrangements, 
should also be in a separate room. 


(4.4) Cleaning and Protection 


However good the precautions may be, there will still appear 
some dust and dirt on the apparatus and wiring. All cleaning 
should be infrequent, thorough and self-contained. Casual 
wielding of a brush or dry duster will lift much of the dust into 
he air, only to fall elsewhere, and the cleaning cloths may 
sven shed dust and lint on the apparatus that is being “‘cleaned.” 
Cleaning with an oil or solvent is the appropriate method for 
nost smooth surfaces, and is preferable to ordinary vacuum 
sweeping. For general cleaning of racks, cables and wiring, the 
nost satisfactory process is the use of a compressed-air gun in 
oOnjunction with adequate suction and shrouds. If this is not 
sracticable, it may be better to leave the dust undisturbed. The 
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provision of easily-cleaned covers will limit the disturbance and 
deposition of dust on vital components, but it is rarely necessary, 
or even desirable, for the covers to be scientifically dust-tight. 
Thermal baffles within the cover are particularly effective in 
reducing dust circulation. 


(5) FUNCTIONAL TESTING AND ALARMS 


(5.1) Functional Testers and Routiners 


In the course of development of routine testing techniques for 
automatic switching apparatus, the original simple test-boxes 
have grown in most countries into large semi-automatic testers 
mounted on wheels. Testing equipments for the larger and more 
complex exchanges have been developed still further and have 
become rack-mounted ‘“routiners’? with automatic access 
equipment. In spite of high capital cost, it has been established 
without question that automatic routiners are economically 
justified as compared with manual testing if there is a large 
amount of switching plant and if the testing is required to be 
performed at very frequent intervals. Where these conditions 
have applied, notably for the British director system, automatic 
routiners have been widely used.!7 A modern development in 
routiner policy as applied to very large exchanges is the addition 
of a fault recorder for printing the dockets automatically.!? By 
the use of this equipment, which can also start and stop the 
routiners at preset times, the staff are not interrupted every time 
the tester encounters a fault, and testing can proceed without 
delay even when there is no staff in attendance. 


(5.2) Routine Test Frequencies 


Since the early days of automatic telephony, almost all tele- 
phone administrations have produced schedules of recommended 
routine test frequencies for the various items of plant, the 
frequencies representing a balance between the cost of the 
maintenance work and the desire to find faults before they can 
seriously affect the quality of service to the public. The frequency 
of testing can often be reduced to suit local requirements, so it 
is most important that the maintenance organization and pro- 
cedure shall not be so rigid as to cause the staff to play for safety 
and keep to nominal schedules. Functional testing, by itself, 
does not improve the physical condition of the plant (it can only 
indicate where plant faults exist), so an increase in test frequency 
at the bad exchange may reduce the time available for careful 
prevention and correction of the plant faults already known. 
Contrary to the general trend towards less frequent use of manual 
test-boxes, the use of automatic routiners is usually raised to the 
practical limit, since faults will then be found with a minimum 
of delay and with no appreciable increase in man-power. Daily 
(or nightly) tests of common equipment such as the director train 
of switches is quite normal. Under such conditions a critical 
factor is the number of times the plant has to be corrected to pass 
the routiner, and this is related to the number of operational 
features tested (including the minor and less used facilities) and 
also the stringency of the tests. 


(5.3) Stringent Testing 


The only kind of testing that “prevents” service failures is that 
which applies some form of marginal testing more stringent than 
normal service conditions, but this can only cover the failures 
which are preceded by some progressive and measurable deteriora- 
tion. Unpredictable failures such as contact faults, disconnected 
wires or broken parts cannot be prevented by any functional 
test, and not always by inspection or overhaul. In practice, the 
bulk of the tests applied can have no marginal limits (the switch 
either works or it does not), whereas the main application of 
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marginal tests is in the pulsing and stepping; it is relatively easy 
to provide stringent test conditions by variation of line charac- 
teristics and of pulsing speed and ratio, but marginal tests of 
current and timing performance of components within a selector 
are expensive, in terms of both test gear and access leads. 


(5.4) Route Testers 


The separate test boxes or rack-mounted routiners so far con- 
sidered do not normally check the condition of the outlets and 
wiring between one rank of selectors and the next, nor do they 
test units of apparatus in combination, so there has been developed 
in the British Post Office what are called “artificial traffic equip- 
ments”’® that can be connected to selected subscribers’ exchange- 
line equipments and will automatically originate a rapid sequence 
of calls from any one line to any other. There is also a facility 
such that calls can be directed to special answering units on test 
lines at a distant exchange. If any test call fails to reach its 
intended destination, the test cycle is stopped and an alarm 
condition is established; this covers the main functions of 
individual testers or routiners plus the testing of cabling and 
wiring. A better title for such equipment would therefore be 
“automatic system tester” or “route tester.” Similar testers are 
used in Sweden,® but are connected only to one pair of lines 
and repeat the calling’ train of pulses again and again. The 
so-called “‘test frames” in some early crossbar exchanges in the 
United States? also comprise end-to-end route testers with 
functions similar to those in Sweden. 

There are three ways in which automatic route testers can be 
used. They can be employed for routine fault-finding, with 
perhaps some manual testers for supplementary diagnosis on 
individual switches. Alternatively, the route testers can be used 
with great benefit as an occasional supplement to the ordinary 
routine testing. The third use is for observation only, the failures 
being noted but not traced; this is a duplication of the main 
functions of service observations that are made on live traffic by 
telephonists, but local engineering staff may prefer the observa- 
tions by this automatic device, because a larger sample of calls 
can be made at less cost and the results are immediately available 
for special action if abnormal trouble is revealed. 


(5.5) Exchange Alarms 


It is often forgotten that the application of routine test con- 
ditions to the plant is not the only kind of functional testing that 
can be performed. There are many schemes of “‘self-testing” 
that apply continuous checks, such facilities being built-in to the 

‘design of the system and giving an immediate alarm on the first 
occasion of failure. To a very limited degree this facility is 
provided in British telephone equipment by the scheme of 
exchange alarms for various failures of common services, 
including power failure, ringing failure and the operation of 
distribution fuses. The alarm is also sounded if a called sub- 
scriber is held by the caller failing to clear, and if more than a 
certain proportion of first selectors are held by permanent calling 
signals (probably by line faults). A similar range of fault con- 
ditions is tested in the United States, but their subdivision into 
about five degrees of urgency! has much to commend it, par- 
ticularly for the alarms extended from distant unattended 
exchanges. 

(5.6) Self-testing Circuits 


There are many switching circuits that are self-checking in the 
sense that they will cause traffic to by-pass faulty outlets or will 
provide an alternative path when certain fault conditions are 
encountered. The ‘‘battery-testing” hunting circuit is a simple 
illustration of this, and “‘revertive” impulsing is an outstadding 
example of the self-checking principle applied to a complete 
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switching system. Such facilities give an improved service to f 
subscriber but require supplementary tests or observation for 
plant faults to be detected and located. There is also a seb 
checking facility in the British director system, where failu 
complete its operations causes the director to be released 2 
the “number unobtainable” tone to be sent back to the caller, 

In some other systems, notably Panel and 7A Rotary, a self 
indicating facility is added. On the failure of any item of commo) _- 
equipment (or the detection of failure of the distant equipmen) 
controlled by it), the register is held and prevented from handlin, _ 
further calls, and an alarm is given by a bell or a lamp; meanwhile 
the calling subscriber is released. The setting of the register a’ 
the time of failure can then be studied, even if the route that hac 
been set up has been released. 


(5.7) Manual Monitoring, Devices ( 


As an alternative to the holding of the register on the occasior - 
of every failure, all the common controlling equipments may be 
connected to lamps on a central panel, so that a monitoring 
officer can use discretion in holding a proportion of the failures 
for investigation. In the Swedish 500-line system, for example, 
the lamps indicate seizure and various operations of the register, 
and one of them—a red lamp—indicates delayed sending of the 
translation. On examination of the panel it is therefore easy te 
pick out the glowing red lamps and to notice any one that) 
remains alight for more than a few seconds. By depression 
of the associated key the route can be held against release and 
a central panel displays the numbers so far dialled into that 
register and the numbers so far dialled out. If the delay is caused 
by the subscriber, it is possible to hold the key depressed and to 
watch any delayed digits coming in, one by one, and to see the 
translation go out accordingly. In case of subscribers’ error or 
other query, the observer can plug in to the circuit and speak, 
advising the caller and assisting him in his dialling, or checking 
the actions of the subscriber against the performance of the 
register. If then a plant fault is indicated or suspected, the route 
set up can be locked permanently for tracing, while the caller is, 
immediately freed to make a fresh call. 


(5.8) Automatic Monitoring Devices 


The efficiency of visual monitoring depends very much on the 
time devoted to watching the pattern of lamp signals and on the 
skill of the observer. Nevertheless, this kind of fault location 
has been so successful in Sweden and in the United States that 
both countries have developed automatic monitoring devices. 
In Swedish A204 crossbar exchanges,!? all service failures at the 
common control points are noted on a “centralograph”—a ° 
recording instrument capable of marking rows of dots on a 
continuous roll of paper. If a fault occurs, such as failure to 
receive a “proceed to send” signal from the next stage in the 
network, the reference number and the impulse setting of the 
common control equipment are recorded in code and the whole 
connection is then cleared down by forced release. The reliability 
of the switching system is such that in normal times only about 
three faults per week are recorded in a large exchange. In 
practice, weeks may go by without a single fault record, and then 
a batch of them will suddenly appear. It is for this reason 
that the centralograph is normally unattended except for casual 
inspection, but an audible alarm is given if 25 successive faults 
are recorded. Such an event requires prompt attention, and the 
data from 25 faults generally lead to immediate localization. 

The equivalent ‘‘automatic monitor” introduced with the 
American Crossbar No. 5 system provides fault data on punched — 
cards.5-!2 It is also different in that only a percentage of calls is 
monitored. As each sender or register is taken into use it con- 


bets itself to the common monitor only when the monitor 
“jppens to be free. It is stated that about 17% of calls are so 
“Woserved. The monitoring device is used continuously, whether 
je exchange is staffed or not, and the recorded results are 
Jnalysed in the same manner as in Sweden. There is also 
ssociated a master test frame!* at which artificial traffic can 
je Originated on any route and the results recorded on the 
utomatic monitoring equipment. 


T 


i) (6) MAINTENANCE CONTROLS 


(6.1) Fault Complaint Service 


| In the maintenance of automatic switching equipment it must 

e accepted that the reporting of troubles by subscribers is of 
very little help. The customer rarely makes specific complaints 
of calls that he has to dial more than once, and it is very difficult 
+o locate faults in the middle of the switching network even when 
e does. Almost all of the complaints received are about com- 
plete loss of service or troubles confined to the subscriber’s line 
instrument. On the other hand, a well-conducted complaint 
‘service can supply general data on the overall quality of exchange 
ervice, and a proportion of faults can be found by tracing faulty 
lis through exchanges of the simpler types. In this connection 
tt should be noted that there is normally compiled a statistic 
called “faults per telephone per annum” which could be more 
correctly entitled “‘service complaints per telephone per annum.” 
All plant faults discovered by the engineering staff are excluded, 
but failures reported by telephonists are considered as ‘“‘com- 
plaints” in some countries and not in others. 


(6.2) Exchange Fault Contro} 


' The business of fault control within the switching plant must 
therefore depend mainly on a local engineering organization 
based on independent observation of the state of the plant and 
of the quality of service being given. Whatever machinery may 
be available in the form of testers or statistical data, the main- 
tenance men must be technically qualified and much of their work 
will depend on local initiative and understanding of service needs. 
Beyond that, sufficient has already been said to demonstrate the 
need to watch economics as well as the quality of the telephone 
service. 
(6.3) Service Observations 


_ The most obvious and the most common method of deter- 
mining the quality of service being given is by service observa- 
tions—listening by telephonists on a proportion of the calls as 
they pass through the exchange. From these observations is 
derived a “‘percentage of calls lost due to plant faults,’ but the 
resultant figures published by various telephone administrations 
against this or equivalent titles do not always have the same 
meaning or accuracy. It may be considered uneconomic to 
observe other than on business lines and in busy areas. It has 
already been seen from Fig. 2 that the plant is used in different 
proportions in the busy hour as compared with slack periods. 
Not all of the call failures may be trapped if the observation is 
made at some intermediate point in the network instead of direct 
on the subscribers’ lines, and additional faults may be created 
by the observation equipment tied to the circuits. Even the 
calculations can be distorted slightly by basing the percentages 
on the number of calls irrespective of the number of attempts per 
call, and some “faults” are much more serious than others.?»!> 
Finally, the results may be distorted if faults are cleared on the 
observed traffic more promptly than under normal maintenance 
conditions. 

It should be realized that, although accurate service observa- 
tions may be useful as an overall performance statistic when taken 
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over an extended period, the percentage of calls lost will fluctuate 
violently from day to day. In a well-maintained exchange there 
should be some days when the number of undetected plant faults 
is nil, and then a single disconnected wire on a first-choice switch 
or route may cause hundreds of lost calls until it is discovered 
and thrown out of service; the percentage lost calls will suddenly 
rise and will equally suddenly drop to zero when the plant fault 
is corrected. These wild fluctuations are far more significant for 
the local maintenance staff than for administrative control. For 
such reasons it is understandable that many engineers prefer 
testing with artificial traffic or the provision of automatic 
monitoring devices, because these reveal more promptly the 
plant faults awaiting disclosure and correction. 


(6.4) Plant-Fault Statistics 


An entirely different record is that of the plant faults that have 
been found and corrected, whether as a result of reports of service 
failure or in the course of preventive maintenance, but even this 
statistic must be treated with caution. If a switch is under repair 
for a specific failure, and the opportunity is taken to recondition 
three other details in urgent need of attention, does that represent 
one “plant fault’ or four? Whatever may be the regulation 
answer to such a question, it is apparent that the fault statistics 
are merely aids to local appreciation of plant condition. Analysis 
of types of fault will indicate where maintenance effort should be 
intensified or could be relaxed, and the study of repeat faults on 
individual switches or ranks will provide guidance on the effective- 
ness of previous maintenance attention. 


(6.5) Qualitative Analysis 


The modification of schedules of routine maintenance in terms 
of local fault analysis is a trend observed in all countries, including 
the United Kingdom, but a large-scale effort has recently been 
made by the Bell System in America and has been given the name 
“qualitative maintenance.’’! It has been applied to step-by-step, 
panel and crossbar exchanges. Almost all regular functional 
testing and routine overhauling of apparatus is stopped (at least 
temporarily), and the local staff are required to analyse the 
statistics and other indications to justify almost every maintenance 
function that they undertake. If the pattern of service observa- 
tions, service complaints and exchange alarms indicates the need 
for attention to some particular section of the plant, a snap 
check of adjustments or a local functional test is initiated 
and followed by a limited overhau! of that plant and on that 
particular occasion. It is then possible to see from the statistics 
the improvement achieved, and where next the efforts of the 
staff should be directed. After a year or two of careful observa- 
tion it is generally found that the local staff have re-instituted 
some of the routine functional testing, but at relatively long 
intervals and at a varying intensity according to local require- 
ments. Most of the testing that is still scheduled is specified to 
be “‘as required,” and the remainder is rarely done more frequently 
than “yearly.” Provided that overall results are satisfactory 
there is no cause for a controlling officer to criticize any exchange 
merely because its frequency of routines is high or low compared 
with others. 

(6.6) Cost Control 


There is no simple method of comparing maintenance costs 
at different exchanges. The cost per subscriber’s line will depend 
on the number of switches per call, on the traffic density, on the 
type of plant and on many miscellaneous factors. The main- 
tenance man-power on systems throughout the world has been 
quoted as varying from 0-5 to 5-0 men per 1 000 lines,*:!4 but 
the technical staff employed directly on the local switching 
equipment generally tends towards the lower figure. Such 
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variations in maintenance costs should be apparent from a com- 
parison of tariffs in different countries,!! but the comparisons 
are distorted by arbitrary rates of exchange of currency. 

For domestic purposes it is more usual to measure main- 
tenance-cost trends in man-hours per “‘work unit.” The work 
unit allotted for each item of plant represents an arbitrary 
labour rating calculated or estimated to be required for its 
maintenance, but the aggregate for any complete exchange is not 
intended to be used for deciding the number of maintenance staff 
to be employed. The ratio of actual man-hours per work unit, 
however, gives a rough indication of where maintenance efficiency 
(high or low) might be worthy of investigation, and it certainly 
provides an accurate measurement of improved efficiency at any 
one place in comparison with past performance. The scope for 
reducing costs measured on this basis is illustrated by many 
countries achieving savings of as much as 50% over a period 
of a few years as a result of changes in maintenance policy. 
Whether such economies could be made everywhere depends on 
the efficiency that exists already. 


(7) GENERAL PRINCIPLES 
(7.1) The Pattern of Maintenance Effort 


The first principle deduced from this review of maintenance 
operations is that in automatic telephone exchange practice it is 
not enough merely to have a low numerical fault liability of 
individual items of apparatus. Circuit requirements and the 
effect on service are more important than the physical fault. 
Moreover, to judge the efficiency of routine testing, of overhauls, 
or of any other maintenance procedure as a separate entity is 
misleading, if not impossible. It is only the interwoven pattern 
of design and maintenance effort which can be said to be efficient 
or inefficient. In Fig. 7 an attempt is made to classify the many 
alternative details of maintenance work in terms of their con- 
tribution towards service quality, and it will be seen that there 
are three main objectives, namely 

Prevention of service failure (including prevention of plant faults). 
Disclosure and location of service failure. 
Correction of service failure (and of plant faults). 

There are two decisions to be made: the proportions of effort 
to be devoted to these three functions, and the choice of method 
to be adopted for each separate function; the two decisions are 
obviously interdependent. 

If a reasonable service at reasonable cost is the aim, it is 
necessary to consider to what extent prompt disclosure and 
correction may be cheaper and more effective than prevention 
of faults. It will depend on the maintenance facilities provided 
and on the relative ease of performing the different maintenance 
functions in any particular telephone system. These factors 
are now reviewed in the following Sections, bearing in mind that 
the improvement in service quality is just the same when the 
number of plant faults is halved as when the number of calls lost 
by each plant fault is reduced by 50%. 


(7.2) Prevention of Service Failure 


Prevention is better than cure when perfection is desirable and 
possible, but such an ideal in commercial practice must be 
modified by the economic factor. When deciding how far 
preventive maintenance in telephone exchanges is justified, three 
alternative ways of achieving the same object must be con- 
sidered: improving the inherent reliability of the plant by 
technical design; anticipating or preventing deterioration by 
overhauls, lubrication and cleaning; obtaining warning of 
defects before actual failure occurs, which can be had by periodic 
tests, inspections and observations but is limited to the kind 
of fault that is preceded by some measurable deterioration. 
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The strongest case for concentration on preventive maintenaiml 
for telephone-exchange plant*(or for a particular portion of that 
plant) is when 


(a) Failure in service is serious or costly. 3 

(6) Detection of service failure is difficult or slow. - 

(c) Deterioration of plant is progressive and predictable. 

(d) Additional faults will not be caused by the preventive 
operations. 

In general, the trend in plant design is towards greater inherent 
reliability and a smaller proportion of predictable faults. For 
this reason alone the measures to prevent faults are becoming 
less effective, and it may be preferable to leave the plant undis- 
turbed until failure occurs in service. 


(7.3) Correction of Service Failure 


The opposite of preventive maintenance is often said to be | 
corrective maintenance, but such a statement is not always true) 
for telephone switching plant. A proportion of the corrective | 
work is essentially a sequel to preventive maintenance (this 
relationship is omitted from Fig. 7 for the sake of clarity). 

Whether or not the corrective maintenance follows preventive _ 
procedures or actual service failure, it is usually just as effective | 
(temporarily) to provide prompt alternative routing as to repair | 
the specific plant fault. That is why the various ways of | 
alleviating the effect of faults are shown as a separate group in | 
the pattern of maintenance effort, and it follows that speed of | 
repair may be less important than skill and accuracy in execu- 
tion. The facilities and skill employed under the heading of 
corrective maintenance can also contribute indirectly to the 
prevention of service failure. 


(7.4) Disclosure and Location of Service Failure 


In telephone-exchange practice corrective maintenance requires 
special procedures to detect whether troubles exist and, if so, 
where. As the size or complexity of the system grows, particularly 
with the introduction of common-control equipment, so the 
plant faults that slip through the preventive-maintenance net may , 
increase in number. The effect of each fault on the quality of 
service is also increased, and the prompt disclosure and location 
of service failures becomes increasingly important. There is a. 
wide range of methods, falling in three groups, as follows, and 
the choice will depend on what facilities exist or can be provided. 


Simulation of traffic conditions can be achieved by various kinds” 
of functional testers and route testers. Their effectiveness 
depends almost wholly on the frequency at which the tests 
can be applied and leads to the provision of automatic routiners 
or their equivalent. It cannot be too strongly urged that the — 
efficiency of any testing device should be judged separately, 
either for anticipation of service failure (stringent testing) or for 
prompt detection of service failures which have already occurred. 
These two requirements may conflict when both functions are 
performed by one tester, especially in the matter of optimum 
test frequency. An examination should also be made as to how 
many of the operational functions are tested and what portions 
of the exchange plant (perhaps the wiring and cabling) are not 
covered. Only by such critical examination can it be determined 
what other means of disclosing service failure may be preferable 
or essential. 


Detection of failure of actual calls can be achieved from specific 
service complaints if followed by immediate tracing of the faulty 
route set up, but this maintenance practice becomes increasingly 
costly and less effective in modern complex systems. Some — 
assistance can be given by providing visual or audible aids to call 
tracing and by patrolling maintenance staff or by exchange 
alarms, but an entirely new standard in detection of service 


PALMER: MAINTENANCE PRINCIPLES FOR AUTOMATIC TELEPHONE EXCHANGE PLANT 


Maintenance of Service 


Disclosure and Location 
of Service Failure 


By Detection By Analysis 


Specific service 


By Simulation 
Functional tests 


Automatic route tests Exchange alarms 


Service complaint 


461 


Automatic routiner complaints statistics 
tests Call tracing Service observation 
Test calls Patrol observation statistics 


Prevention of 
Service Failure 


mea 
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Accessibility Routine lubrication Patrol observation 
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By Repair By Alleviation 
Readjustment Temporary repair 
Replacement Withdrawal from 
Overhaul service 
Cleaning Alternate availability 
Lubrication Automatic rerouting 


Fig. 7.—The pattern of maintenance effort. 


failures can be achieved by the use of self-testing circuits and 
automatic monitoring devices. If the service effect of each plant 
fault can be reduced to, say, one-twentieth by such automatic 
devices, this one feature will contribute more to the maintenance 
of service quality than any other, but the cost of providing such 
facilities must be set against the maintenance advantages gained. 


Analysis of statistics of faults and traffic is the third alternative 
method of locating trouble, and is also an overall check on the 
efficiency of all other maintenance work (including preventive 
maintenance). It may be possible to deduce from the statistics 
the exact location of the plant fault, but more often it provides 
the starting point for more precise location by simulation or 
observation. As an alternative to routine testing or detection 


by monitoring devices, the careful analysis of statistics can be 
developed into a very. efficient procedure for local disclosure of 
plant faults, but it is important to use statistical procedures as a 
means to an end, not as an end in themselves. 


(7.5) Maintenance Policies 


The pattern of maintenance effort affects (or is affected by) the 
general maintenance policy. Both may have to be varied for 
common-control equipment as compared with the main selecting 
switches, and again may be different for individual subscriber’s 
line circuits as compared with the common switching equipment. 

A routine maintenance policy is a prominent feature of the 
accent on preventive maintenance, and usually includes methods 
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of disclosure and location of service failures by routine functional 
testing. Routine work has the advantage that it is more easily 
controlled by the higher levels of supervision, even if certain 
departures from a standard schedule are permitted, but it tends 
to focus too much attention on arrears of routines to the detri- 
ment of a more realistic attitude to quality of service. In any case, 
standardized routine schedules for graded switches are bound 
to incur unnecessary work on some selectors and to be inadequate 
for others. 

A qualitative maintenance policy, as now adopted in the 
United States, is the opposite of routine maintenance in principle. 
The word ‘“‘qualitative’ implies that, whatever may be the pattern 
of maintenance effort, the work performed should be varied 
locally according to the current state of individual items of plant, 
the quality of the service and the skill and temperament of the 
technical staff. For these reasons the Americans deny the need 
for standard schedules of routine maintenance and, in so doing, 
they put preventive maintenance in its proper perspective in 
relation to local conditions. The qualitative principle not only 
stresses the need for economy in effort, but makes such economy 
possible. 

The conclusion is therefore reached that the old-established 
policy of routine preventive maintenance is seriously challenged 
by the new approach to'service quality at reasonable cost. In 
existing telephone exchange systems a qualitative approach 
enables a great deal of unnecessary work to be eliminated, with 
beneficial results. In new systems it is possible to incorporate 
self-testing and self-correcting facilities which might still further 
reduce the manpower required for maintenance and may at the 
same time make possible a higher standard of service. 

In all cases the important factor is an appreciation of exactly 
what each maintenance function is intended to achieve. This 
will ensure that the efforts in any one direction are not un- 
necessarily stressed or duplicated, and that no important feature 
in the pattern of maintenance is overlooked. 
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(10) APPENDIX: MAINTENANCE TERMINOLOGY 


Most of the terms in common use for telephone-exchange 
maintenance are sufficiently well understood for al! practical 
purposes but lack precise definition for an analysis of maintenance 
principles. For example, all routine maintenance might be con- 
sidered as preventive, yet routine lubrication is a very different 
function from the anticipation of the customers’ fault reports by 
routine tests. Again, a departure from standard adjustment 
may be a fault that has to be corrected, yet no fault has occurred __ 
in performance. If one defective item of plant causes 100 calls 
to fail and leads to complaints from two separate subscribers, 
are there 100 faults, 2 faults, or only one? 

For the purposes of the paper (and with no other authority) 
this kind of confusion has been avoided by using the following 
terms with the meanings stated. The maintenance terminology 
in common use for industrial plant? has been borne in mind, but 
the definitions given here are in words that apply primarily to 
automatic telephone exchanges. 


(10.1) Definitions of Faults and Failures 


Fault—An imperfection of plant or of service, requiring 
attention as part of the maintenance function. 

Plant Fault——The physical deterioration or failure of a single 
item of plant, sufficient to require remedial action irrespective of 
its effect, if any, on service operation. 

Service Failure —An operational defect or failure of the service, 
irrespective of the plant fault that caused it. 

Service Complaint—A subscriber’s report of specific service 
failure or other serious trouble, whether or not a plant fault is 
subsequently disclosed. 

Breakdown.—A plant fault, or group of plant faults, causing a 
whole exchange or route to be out of action. 


' (10.2) Definitions of Maintenance Objectives 


| Preventive Maintenance.—The prevention of faults in pre- 
\ference to reliance on the disclosure and correction of faults 
after they have occurred. By the above definitions of different 
_ kinds of “‘fault,”’ preventive maintenance can have more restricted 
- meanings, hence— 

Prevention of plant faults: purely precautionary. 


Prevention of service failure: in spite of plant faults. 
Prevention of service complaints: in spite of service failure. 


Corrective Maintenance.—Concentration on the correction of 
service failures, with a minimum of preventive maintenance, 
and including diversion of traffic from the faulty plant. 


; (10.3) Definitions of Maintenance Organization 


Routine Maintenance-—An organization of work for the 
prevention and/or disclosure of faults by means of standard 
schedules of regular routines to suit average conditions expected 
| from previous experience. 


__ Mr. D. A. Barron: First, it must be stressed that, whatever 
/ principle may be favoured, it must inevitably be based on a 
balance and a compromise between a number of factors. Not 
only do some of these factors operate very often in different 
directions, but some are exceedingly difficult to assess and 
‘measure. The author mentions the difficulties of having a 
common procedure for basically different switching systems, and 
I shall limit my remarks primarily to Strowger equipment. 
Maintenance policy is clearly related to the general policy of 
the telephone-operating organization, as to how good a service it 
‘wants to give or can afford to give, in relation to what it pays for 
its equipment, what sort of maintenance effort can be made 

available, what that effort costs, and what rates are charged for 
the service. In the framing of that policy, the need for balance 
and compromise immediately arises. 

The next obvious compromise is in regard to the “goodness” 
of the equipment. If a mass-produced article is to be provided 
at a reasonable price, there must be tolerances and so on, and a 

balance has to be struck between the first cost of the equipment 
and what we want to get from it and what we can afford to 
spend in maintaining it. The author mentions as a target 
“reasonable service at a reasonable cost,”’ and that is the sort of 
- outlook which is often adopted. Some people modify the target 
somewhat and state, “an acceptable service at minimum cost,” 
but I have never heard anyone maintain that it would be desirable 
to give the best possible service regardless of its cost, nor do I 
think that the subscribers would appreciate that very much. 

I will give one of many possible examples to illustrate the inter- 
relationship of the various factors. Without trying to be too 
specific, we may expect that a subscriber would get about 80% 
of his calls successfully completed at the first attempt. Of the 
remaining 20%, 8% or 9% at least would not be completed 
because the called subscriber was busy, and another 8% or 9% 
would not be completed because the called subscriber did not 
reply. This leaves only a very small percentage, which results in 
the main from faults and failures owing to the fact that there is 
insufficient equipment to carry the call at that particular time. 
No operating company or administration can afford to provide 
sufficient equipment to carry the peak traffic without any loss, 
since that would be quite uneconomic and a large part of the 
‘plant would not be used for the greater part of the time. It is, 
therefore, standard practice throughout the world to arrange that 
in the busiest period a very small percentage of calls will fail to 


PALMER: MAINTENANCE PRINCIPLES FOR AUTOMATIC TELEPHONE EXCHANGE PLANT 463 


Qualitative Maintenance.—A variable combination of planned 
work for the prevention and disclosure of faults, regulated to the 
local needs of plant and of service quality, and with a minimum 
of routine maintenance. 


(10.4) Definitions of Maintenance Work 


Functional Testing. —The simulation of service conditions to 
determine whether isolated items of plant are functioning 
correctly. 

Stringent Testing. —The application of tests more stringent than 
service conditions, to check the existence of margins of safety for 
correct operation in service. 

Route Testing —The application of tests (functional rather 
than stringent) by means of artificial traffic over particular routes 
or in a telephone system as a whole. 

Overhaul.—The physical examination and checking of isolated 
items of plant, mainly for the prevention of plant faults, but 
also for the correction of plant faults known or suspected. 
Overhauls are not necessarily performed to a routine schedule. 


DISCUSSION BEFORE THE INSTITUTION, 10TH FEBRUARY, 1955 


mature, owing to the fact that there is not quite enough plant to 
carry them. 

In large networks, that percentage may be of the same order 
as the percentage of calls which fail owing to faults. Therefore, 
if we want to improve the service to subscribers, it may be that 
by more frequent checking of plant quantities, or by having some 
slightly different standard of loss at each switching stage, we 
could, more cheaply than by maintenance improvements, give 
the subscriber a 0:3% or 1% improvement. He might not 
notice that, but if we assume that he does, we have to find the 
optimum method of procuring improvement, because no matter 
what system of maintenance is used—and the author has men- 
tioned several—the more nearly we approach to perfection the 
more, disproportionately, the maintenance costs will rise. 

I should like to give a few facts about some of the changes in 
maintenance philosophy, since the end of the war, in this country 
and in America. In the early days, in both countries, main- 
tenance, whether overhaul or testing, was carried out at prescribed 
periods. However, in 1938 the Post Office conducted what was 
called the “Bristol experiment,” which was one of the largest 
experiments they had carried out on maintenance and fault 
liability. As a result of the information obtained from that 
experiment, it was categorically stated in the national instructions 
that routine periodicities should be adjusted to the minimum 
necessary to meet proved necessity. After the war, further 
efforts were made towards this objective, and various guide 
figures were introduced to assist people in the field in determining 
whether they could safely reduce the periodicities of their routine 
overhauls and testing, and full local discretion is given. There 
still existed, however, the various ‘‘nominal’’ periodicities, and 
it became clear that those were some way from the average 
requirement, and needed revision. 

In 1949, therefore, we started some controlled field experiments 
to discover the facts. There was a very similar change in main- 
tenance philosophy in America in the post-war period, and I 
believe that in 1948 the Beli System began experiments to examine 
the possibilities of getting away from routine overhauls carried 
out at regular intervals. The similarity in thinking and timing 
between the two countries is remarkable, and I believe that the 
conclusions reached as a result of these parallel but independent 
investigations are essentially similar, and that the differences are 
more in nomenclature than in principle. 

As a result of the field experiments we have found that the 
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average frequencies of overhauls can be considerably reduced. 
With some types of equipment the average intervals are now three 
times longer than they used to be, and the experiments are still 
continuing. We have, however, made changes only when we 
have had ample evidence from field trials to show that they were 
sound and fully justified in the conditions existing in-this country, 
and having due regard to our responsibilities to the public for 
the maintenance of satisfactory service. In view of all the com- 
plex factors involved it is obviously desirable to move slowly 
and steadily, so that it has been more a re-orientation of policy 
than any sudden change. 

The Americans have introduced what the author has described 
as qualitative maintenance, and I feel that it is very similar to 
what the Post Office have been working towards in the last five 
years, because the objective is the same, i.e. to do work when it 
is necessary, and not to a timetable. To that extent it might be 
said that the line of thought in the two countries is identical. 
There are some apparent differences. One is that, if I have 
understood the author correctly, the Americans tend to base the 
need for maintenance attention on subscribers’ complaints and 
analyses of statistics, whereas we tend to base it on necessity 
based on experience, and on the results obtained from tests by 
artificial traffic equipments or other means, as well as on 
statistics. If this difference really exists, I incline to the view 
that our way has some advantages, in that, while it is directed 
towards the same objective, it leaves with the operating authority 
the responsibility for initiating maintenance attention in advance 
of appreciable service deterioration, rather than permitting any 
tendency for the need for maintenance attention to be, at least 
in part, brought to notice by a deterioration in service which 
has resulted in an increase in complaints. 

Routine testing is not quite the same, but there are some simi- 
larities in principle, and we are moving towards more 
through-testing and less routine limit-testing. However, although 
we have reduced the amount and, to a degree, the nature, of 
automatic routining, we do not propose, especially for common 
equipment, to eliminate it. 

Mr. W. H. Grinsted: I have never been satisfied in having to 
offer customers elaborate routine-testing gear thought to be 
necessary to keep the exchange equipment working, and I have 
been still less satisfied in having to manufacture that equipment, 
or the numerous components wanted for it, in “‘one-off”’ quantities 
by mass-production methods and sell them at mass-production 
prices. The manufacturer would very much prefer to be able 
to recommend what the author describes as the “‘qualitative 
maintenance policy” for his equipments. 

‘In order to be able to do that there are definitely two require- 
ments which have to be met. The first is that the equipment 
must be really reliable, and the second is that the ambient con- 
ditions in the exchanges must be satisfactory. With regard to 
reliability, the author refers in Section 2.2 to the stability of the 
apparatus and of its adjustment, and in Section 2.3 to what for 
the sake of brevity may be called the “‘circuit margins.” Fault 
statistics, as at present compiled, afford very little opportunity 
to study the shortcomings of the equipment in those two 
respects. An analysis showing the number and nature of faults 
arising from shortcomings in those directions would be very 
useful to the manufacturers. J should like to know whether the 
author thinks there is any possibility of issuing statistics compiled 
in such a way as to show the failures which can be referred to 
lack of stability or unreliability in the apparatus design, and to 
too small margihs in the circuits. 

In the earl, days of automatic equipment, I was able to collect 
a number cf figures which pointed to the principal causes of 
unreliabilit as being relay contacts, mechanical spring sets, 
wiper cordsiand wipers. So far as relay contacts are concerned 
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a very great improvement was effected by the introduction of EM 
a 


twin relay contact, but very little has been done in the way 


improvement in mechanical spring sets or in wipers and wiper | 


cords, at any rate in the Post Office standard system. 
Circuit margins are a much more complicated subject, but _: 


feel that, since customers have undertaken their own circuit — 


design, a great deal of the “‘no-man’s-land” which ought to lie — 


between the demands of the circuit and the limiting performance ~ 


of the apparatus has been annexed by the circuit designer. 


In connection with the conditions in the exchanges, it has |” 


seemed that, since the introduction of the twin relay contact, 


there has been some deterioration in the precautions which were 


taken in the early days against contamination of the equipment 
by dust and dirt. The twin relay contact effected such an 
improvement that the troubles due to dust experienced with the 
earlier equipments more or less disappeared, and since then we 
have perhaps been a little too lax in the precautions taken to 
protect the equipment. I agree with the author’s remarks on 
dust and ventilation, and his comments should be taken very 
seriously. 


There is one sentence which particularly appealed to me in | 


Section 6.5, where the author states that with qualitative main- 
tenance the local staff are required to analyse the statistics and 
other indications to justify almost every maintenance function 
that they undertake. In other words, they are required to ask 
three questions asked by any good engineer before he incurs 
expenditure: Why do this at all? Why do it now? Why do it 
in this way? Contrast that with the performance of routines 
just because they are routines and we have complete justification 
for the policy of qualitative maintenance. 

The author emphasizes that it is the service which has to be 
maintained, and that maintenance of the plant is only a means 
towards that end. As a rough and ready method of making 


economic calculations, we used to allow a percentage on the | 


capital cost of the plant to represent the cost of maintenance, 
and even with “work unit” calculations, plant seems to be the 
basis of the assessment. Is there not a case for trying to make 
an assessment for each item of the equipment depending on its 
contribution to the service, perhaps based on the number of calls 
which it handles or some other more suitable figure, so that 
targets for maintenance expenditure can be allocated on a basis 
of service rather than of plant? 

Mr. T. H. Flowers: I would like to refer first to the fact that 


there are no numerical data in the paper by which the effects of - 


various maintenance procedures may be judged. The lack of 
accurate measurement of the effects of maintenance may account 
for the contradictory experiences reported, e.g. at the beginning 
of Section 3.2 and later in the same Section, where it is recorded 
that recent tests have suggested that some kinds of preventative 
maintenance may do more harm than good. The difficulties of 
making measurements in this field are great, but not more so 
than in other sciences, biology for example. The cost of large- 
scale experiments is small compared with the annual expenditure 
on maintenance and could be recouped by quite small improve- 
ments in practices. 

In the first paragraph of Section 2.1 it is stated that fault 
location is easier in systems without, than in systems with, 
common apparatus, but I doubt whether the substantial portion 
of the world which uses common apparatus would agree. There 
are faults which consistently recur every time that certain 
apparatus is involved and those which do not. Those in the 
first class, e.g. wiring disconnections, are easily discovered in 
any system. The second class includes intermittent faults and 
faults which depend on particular conditions such as the selec- 
tion of particular outlets. The functional testers, routiners and 
route testers are successful with the second class of fault only if 


yy chance they happen to encounter the intermittent fault or 
aulty outlet. The self-testing and automatic monitoring devices 
entioned in the paper will, in time, find such faults as and when 

hey cause trouble on particular calls. Devices of this kind can, 
‘owever, be economically provided only in common apparatus 
ystems. The overall difficulties of fault finding thus appear to 
ye dependent on the proportions of consistent and inconsistent 
faults. I have no data on this matter, but certainly normal wear 
ind deterioration are very likely to produce intermittent faults 
»efore they have progressed far enough to produce consistent 
jaults. On the balance of experience, I think that the problem 
of fault finding can always be satisfactorily solved technically 
whatever system is adopted. The cost involved varies with 
iifferent systems, but it is only one item among several in deter- 
mining the total cost of service, and it is total cost which is 
mportant. 

In a future system it is possible that there will be some electronic 
| evices, and for these many of the entries in Fig. 7 will no longer 
i Electronic devices cannot have routine cleaning, dust 
| revention or lubrication, and it is no use having patrol observa- 
tion, because it is not usually possible to see what is happening. 
Hence the “‘pattern of maintenance effort” will be simpler, and 
[ think that the actual maintenance of an electronic telephone 
exchange would also be simpler than that of the present types. 

, Mr. T. P. Preist: The author’s definition of a fault is too wide 
nd leaves too much to the personal assessment of the main- 
mance officer. I prefer to define a fault as “any defect which 

prevents a circuit or a piece of apparatus from fulfilling its 

function.”” On this definition, a change of condition which does 
not prevent the operation of the equipment, such as the departure 
from some specified standard adjustment, is not a fault. 

_ Lagree that acceptance tolerances should be as tight as possible, 

put they should be checked by functional testing only, and not by 

4 physical check of adjustments, since this depends too much on 

the tester’s interpretation of right and wrong. To illustrate this 

4 spring was tensioned to 47 grammes (accurately measured by 

weights), and six people were asked to measure it with a standard 

ension gauge. Their results varied from 43-5 to 51 grammes. 

[his variation of assessment causes much damage because each 

erson makes changes to suit his own interpretation. Stringent 

‘unctional testing is preferable for acceptance testing, since no 

hysical changes are made unless they are shown to be necessary. 

The evidence in the paper for and against regular overhauls 
S contradictory. Our experience, particularly oversea, shows 
hat overhauls are only worth while when the staff is well selected, 
*xpertly trained, interested, and has time to do the work properly. 
if this is not the case, more harm than good is done, and frequent 
unctional testing to limits very slightly in excess of exchange 
equirements is preferable to overhauls. 

I consider that routiners have been wrongly used in the past. 
They have been designed to test to the optimum limits, and 
whether used for acceptance tests, checking after a major repair 
yr regular overhaul, or for day-to-day testing, no change has 
yeen made to those limits. I suggest routiners be arranged, 
irst, to make stringent tests for acceptance, or tests after a 
najor repair, secondly, to apply reduced limit tests for regular 
nterval testing, thus making allowance for the natural variation 
of adjustment that the switch can tolerate, and thirdly, to apply 
10-limit tests for day-to-day testing in order to ensure that the 
quipment will perform its normal functions. 

Artificial traffic equipment is very useful, particularly for service 
ybservations, and I find that the results obtained are often worse 
han those shown by manual service observations. 

With reference to the question of whether to overhaul or 
lot, the organization with which I am associated made some 
aboratory experiments which showed that the policy of not 
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overhauling had much in its favour. The results, which have 
been published in some detail, have been mildly criticized on the 
ground that laboratory experiments cannot wholly simulate 
exchange conditions. The results were, however, highly signi- 
ficant, and we would welcome a large-scale field experiment by 
the Post Office on similar lines. 

Col. C. E. Calveley: I regard this problem as primarily a 
management and not a technical one. The higher level of 
management must decide what proportion of the total effort on 
maintenance is to go on to the floor of the exchange, how much 
is to go into examination of results of routine tests and the 
analysis of faults, so that guidance may be given to the engineer 
in charge of the exchange and plant weaknesses may be brought 
to light. The engineer-in-charge also has the problem, with a 
given staff, of deciding how to direct the efforts of his staff to 
those items of the plant which past and present experience 
indicate require attention. 

On the first point, 1 wonder whether the author has any infor- 
mation comparing the number of men on the staff (in the military 
sense) with those in the line organization in British and American 
practice. It was my impression that the American organization 
employed far more people on staff duties than we do in this 
country. 

With regard to the second matter, there is a larger number of 
factors operating. First, there is the variation in the total 
operations of the switch in a year depending on its position in 
the grading as shown by the author in Fig. 2. Secondly, there 
is the stabilizing period of new equipment; in an analysis of a 
particular exchange the number of faults per group selector in 
the first three years was 2-8, 3:4 and 0-7. Thirdly, there is the 
variation between exchanges, since the fault rate in an equivalent 
group selector in another exchange was 0°48, 0:11 and 0°18. 
Fourthly, there is the ability of a switch to give satisfactory 
service, although some of its adjustments are outside the tolerances 
previously found to be desirable; for example, it was found that 
there was no mechanical clearance between the rotary detent 
and the long face of the ratchet after about 50000 operations, 
but the first fault in service through this cause did not occur until 
after a further 127000 operations had taken place. 

The engineer in charge of the exchange has to be provided 
with data which will enable him to take the above and other 
factors into account in directing the efforts of his staff to ensure 
that the best service is given to the public. 

With our limited experience of electronic equipment in service 
at Richmond, we have found that the number of faults bear 
little relation to the amount of use. Four faults have occurred 
on an electronic director which has handled 628000 calls in 
18 months, whereas eight have occurred in the same period 
on a late-choice electronic director which has only handled 
7400 calls. 

The author has not mentioned the contribution that the 
interest and enthusiasm of the local staff can make. It is a 
possible explanation of the improvement in service which has 
been obtained in different exchanges by contradictory methods. 
The solution to the problem of arousing, developing and main- 
taining enthusiasm and interest would probably change the 
system of maintenance effort and produce better results, but this 
is a management and not a technical problem. 

Mr. N. C. Smart: In Section 4.1 the author states that gritty 
dust increases the rate of wear, especially if combined with oil or 
grease. I thought that ‘surfaces which rubbed together were 
lubricated in order to stop wear. Whether dust is present or not, 
we still lubricate to stop wear. How is it that with a wiper and 
bank the opposite effect is obtained? When I pose this question 
it is stated that a type of grinding paste is formed, but if we want 
to lap two surfaces together we put abrasive powder between 
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them, and to stop it scoring, i.e. wearing too quickly, we put oil 
into the powder and make it into a paste. 

The general background of the paper and discussion makes 
the point that everything requires a little too much maintenance. 
Perhaps, however, there is an excuse for looking at the other 
side of the picture. Is any of the apparatus too good? The 
subscribers’ uniselector was designed to have a life of 25 million 
steps, which represented one million calls. Now we have a 
double homing bank, so that we have only 12 steps per call, 
which means a life of two million calls. I do not know what that 
represents in years, but it must be quite fantastic. Is it possible to 
design a cheaper switch which would give adequate service? 

I was impressed by the fact that the only routiner I saw in 
American exchanges was a subscribers’ line routiner, and it was 
earning very high praise from the maintenance men and the 
management. It is surely strange that the only thing that we 
do not routine test in this country should be the only thing that 
they do routine test there. Has the author had any experience 
of that routiner? 

Mr. S. Rudeforth: Most of us, including the Americans, are 
agreed that the main problem is to obtain service out of plant at 
minimum cost. Controversy arises in translating the various 
ideas into practice to get that minimum cost. 

Plant, no matter how perfect it may be thought to be, is liable 
to random faults. In telephone equipment faults arise from dirty 
contacts, broken wires or broken parts. On the incidence and 
duration of such faults will depend the quality of service given. 

If we concede that apparatus is subject to random faults, we 
must locate them by routining at such a rate that the service does 
not fall below a stipulated value. We should fix the standard 
of service and then try to achieve it at minimum cost. If we 
functionally routine at a rate governed by the number of routine 
operations performed per faulty item found, we have a feedback 
system by which we can adjust the rate of routining to keep the 
number of routine operations per faulty item at some value 
related to the standard of service desired. Thus routining can 
be adjusted to the minimum requisite to meet a given standard 
of service and dependent on the particular conditions under 
which the plant has to work. 

The author’s definition of qualitative maintenance agrees very 
closely with what is standard procedure in the Post Office, but 
is not quite the same thing as I understand the American so-called 
qualitative system of maintenance to be. This seems to involve 
stopping routines altogether, waiting for the subscribers to com- 
plain, analysing the causes of their complaints and then dealing 
‘with the equipment. Long-term efficient local control demands 
a feedback system of the kind described. 

With regard to overhauls, switches, like individuals, are all 
different. Even when switches are subject to exactly the same 
number of operations, there will be a distribution from the good 
to the bad. Differences between switches are accentuated be- 
cause, in fact, they do not carry the same traffic.. If you treat 
all the switches alike and overhaul them at regular intervals, you 
will overhaul some unnecessarily and may fail to deal with those 
which require overhaul earlier. We have found from our 
experiments started four years ago that within limits the longer 
we can leave switches between overhauls the better performance 
we get from them. On the other hand, advice to leave switches 
indefinitely has to be qualified because sooner or later they will 
need attention, and to leave the whole exchange until it wants 
a mass attack is not good maintenance practice; this involves a 
regular minimum of controlled work to keep the service at a 
desired value. The logical thing to do, therefore, is to treat 
switches as individual personalities and to overhaul them only 
when they require it; in general, this is when they fail because of 
faults due to wear and tear. 


| 
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Mr. W. H. Scarborough: The author has mentioned qualitative’ | i 
maintenance, and I can quote two or three cases. About 1934 wei 
were having a good deal of tféuble at the Bishopsgate exchange, _ 
and the difficulty was traced to L.1. contacts of the first code 
selectors. At the time we were developing automatic working at _ 
the City, Central, Waterloo and other exchanges, and there was a | 
shortage of staff. We were advised not to stop routining. We had 
to detail men to overhaul the first code selectors. We stopped all 
routining, except bank cleaning and wiper inspections, and used 
some operators during the busy period to pass 200 calls per day, 
on selected days, through the equipment, to trace faults. We | 
had no trouble, and the maintenance for 12 months was as good | 
as that of any comparable exchange, if not better. 

In a recent case a new exchange in the first 6 months showed | 
about 3% plant faults. I said that this was ridiculous and we | 
must bring the faults down to less than,1%. We decided to | 
use operators to pass calls through the equipment during the | 
busy period, and we found the faults. In another case when | 
there was trouble in the trunk exchange, we found that the faults 
were not in the 2-V.F. equipment of that exchange but in the | 
124-mile London network. We pumped calls into the network | 
and found the faults. This is by far the best way to find faults, | 
and therefore I am wholly in favour of qualitative maintenance. | 

Mr. G. A. Probert: We are all agreed on the need for clean | 
air in our telephone-exchange apparatus rooms. Therefore, why 
do we continue to put windows which can be opened in these | 
rooms? Windows which open cost more, and even when closed | 
permit the entrance of dust-carrying draughts. The Post Office | 
has a large building programme in hand, and now is the time to 
attend to this matter. 

Accessibility of equipment, as the author states, is an important 
maintenance consideration. The present method of rack- | 
mounting the Post Office No. 3 uniselector, 25 to a row, with 
the lowest row fixed 114in from the floor is an example of bad 
accessibility and should be corrected. Uniselectors have to be | 
adjusted in situ, and this can only be done in the case of the 
bottom row by lying down, as the eye level must necessarily be | 
within a foot of the floor. With regard to accessibility, I think | 
we should where possible arrange the equipment so that that 
which has to receive the greatest maintenance attention is easily 
accessible. For example, P.B.X. subscribers’ uniselectors get up 
to ten times the wear of those of ordinary subscribers, and I 
consider that we should as a standard practice arrange that 
P.B.X. uniselectors occupy the middle shelves of the racks. 

Reference has been made to the long life of uniselectors, but 
they do need maintenance attention; banks have to be cleaned 
and adjustments made in situ, which is a very tedious job. 
Experience indicates that towards the end of their life, i.e. after. 
15-20 years, maintenance becomes expensive. The Post Office 
originally had uniselectors, then they changed to line finders and 
now back again to uniselectors. Have we not made a wrong 
move in going back to uniselectors? I think that a line-finder 
system without secondary working would be better in the 
long run. 

Sir Gordon Radley: Two maintenance policies run through the 
paper, although perhaps the second comes out strongly only at 
the end. One is the traditional policy which prescribes schedules. 
for tests, inspections and overhauls at regular intervals. Perhaps. 
when we started we erred on the side of caution and made those: | 
intervals too short, but the Post Office has recently been adjusting 
them in the light of experience; Mr. Rudeforth’s feedback analogy 
was apt. We have also given not only freedom but, indeed, 
responsibility to the man on the spot to vary routine frequencies. 
according to local conditions. 

In America, the policy of qualitative maintenance is being 
tried. This means leaving well alone and giving attention to the 


equipment only when the service indicates that it is necessary. It 
demands statistical observation of the quality of service. 

These two policies have been hotly debated, but Mr. Barron 
has queried whether they are not really the same. However, I 
‘am quite sure that, provided that routine frequencies are flexible 
and adjusted in the light of experience, both policies may be 
capable of giving equally good results. 
| Mr. A. J. Litton (communicated): At the end of Section 2.1 the 
‘author implies that the fault liability on switches is in direct 
ratio to the traffic carried. It is thought that this is only very 
‘broadly true and that certain faults, e.g. those due to dirty 
‘contacts and banks, are more apt to occur on switches which 
are rarely used. 

The cost and value of preventive maintenance for automatic- 
exchange equipment has been closely scrutinized in Ireland for 
some time. As a result the policy has been changed and it now 
resembles somewhat the American qualitative maintenance 
policy. The overhauling of switches has been found to be expen- 
sive in man-hours and has shown negligible returns in reducing 
the fault liability, and, in fact, it frequently reduced the life of 
working parts. Therefore, apart from periodic cleaning and 
lubrication (carried out so far as possible with a switch in situ) 
no overhauls are now carried out. 

The automatic routiner has, in the past, been the main means 
of finding faulty switches. However, it indicates faults which 
(a) do not affect the service or (4) are self-clearing in a relatively 
short time, and the cause of which it is practically impossible to 
find. Moreover, the staff time taken by routines and the investi- 
gation of the ‘‘faults’’ disclosed is appreciable. 

Thus the trend in Ireland has been to make more use of patrol 
duties, “cutting in” tests and artificial traffic equipment. Tests 
with automatic routiners which were formerly made weekly are 
now only done at two-monthly intervals. The change in the 
distribution of faults found by the various methods is shown in 
Table A. 

At the same time the switch fault index has fallen from 1-0 to 
0-6 fault per switch per annum without any. deterioration in 
service. 

Automatic-to-automatic relay sets are still routined auto- 
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Table A 


Percentage of total faults 


Faults found by 


Routine tested at 
2-monthly intervals 


Routine tested 
at weekly intervals 


os 
Routiner a 50 
Cut-in tests .. 35 
Artificial traffic, 15 

patrol, etc. 


matically once per week (since no other suitable tests exist). In 
this case it has been found that the testing can be speeded up by 
modifying the routiner so that by throwing a key a number of 
the tests which seldom show up faults can be stepped over 
for normal routines, the full routine only being carried out 
occasionally. 

Statistics obtained from the equipment fault records and from 
the engineering repair service have shown that the service has not 
deteriorated; at the same time maintenance costs have decreased 
by approximately 20%. The fault statistics have also been used 
to indicate where special action or investigation is required on 
any section of the plant. 

The artificial traffic equipment has been found to be a most 
useful tool in assessing the quality of service, since calls are made 
under controlled conditions and faults can readily be traced when 
they occur; it is considered to be, in general, much more satis- 
factory than the usual service observation. As mentioned in 
Section 6.3, it is sometimes difficult to get sufficient traffic on 
subscribers’ circuits to make service observation worth while; in 
such cases observations can usefully be made from first group 
selectors. 

The author’s remarks on cleanliness are most interesting. It is 
felt that much more consideration might be given to enclosing 
switches and banks under suitable covers as is usual in Continental 
practice. The extra cost would be covered many times over in 
the maintenance charges. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


Mr. R. W. Palmer (in reply): The uniselector versus line- 
finder controversy mentioned by Mr. Probert is an example of 
choice of equipment design being dependent to a large extent 
on maintenance efficiency. It is true, as Mr. Smart says, that 
cheaper apparatus might be possible, but the ample margin of 
reliability of the British uniselectors may well be the reason 
why they are better than line-finders for large exchanges in this 
country. Similarly, the need for accessibility on equipment 
racks is dependent on the frequency of maintenance attention 
demanded by the apparatus design and by the maintenance 
policy that is practised. 

I agree with Mr. Litton that fault liability is not always pro- 

ortional to traffic. The point intended in Section 2.1 was that 
the traffic carried by any particular selector is a direct measure 
of the effect of any plant fault on the overall service. Hence the 
effort expended on looking for faults on particular selectors 
should be proportional to the amount of traffic that may be 
affected. 

On the subject of dust prevention, it may be impracticable to 
prohibit windows that open, as Mr. Probert would like, but I 
fully support Mr. Litton’s appeal for some simple and cheap 
cover for selector banks. The initial trials might have to be 
with an expensive type of cover, merely to determine what 
Maintenance savings can be achieved. This could then be 


compared with the capital cost of moulded plastic covers, 
assuming that they would be manufactured in large quan- 
tities. 

The subscribers’ line routiner mentioned by Mr. Smart is 
limited to one predictable fault, namely deterioration of insu- 
lation resistance. In the American view, the subscriber will 
know and report when his line fails (in the operational sense) 
far more promptly than any practical routine test that could be 
made by the telephone company. This is an example of the use 
of a routiner exclusively for the prevention instead of for the 
disclosure of service failures. 

Mr. Rudeforth’s suggestion that qualitative maintenance 
involves stopping routines altogether refers only to the launching 
of this policy on an experimental basis. The essential feature 
of the American outlook is that the subsequent wide variation in 
frequency of the routines that may be re-introduced is of no 
consequence whatever so long as the quality of service and the 
maintenance costs are. satisfactory. Several speakers also 
misunderstood qualitative maintenance as being dependent on 
an increase in the number of complaints from’ subscribers. 
Surely we must admit that, on the average, the quality of service 
in the United States is no worse than in the United Kingdom. 
We must also admit that even under a routine or preventive 
maintenance policy the lost calls and the subscribers’ complaints 
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are by no means negligible and provide ample data for “quali- 
tative maintenance” action, without waiting for more to be 
incurred. 

Within the scope of an Institution paper it has been impossible 
to present the statistical data that Mr. Flowers and others would 
have wished. All that could be attempted has been the pre- 
sentation of the range of factors involved and some principles 
for their classification. When statistics are required on some 
particular factor, whether it be maintenance cost per call, the 
stability of apparatus or the effect of some maintenance pro- 
cedure or policy, it is at least an essential starting-point to be 
aware of the unwanted variables. Col. Calveley and Mr. Preist 
reminded the meeting that one of these variables is the human 
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factor. In my own experience, the influence of foremanship as © ‘ 
practised in the United States and Sweden can swamp many of 
the variations in technical policy and procedure. 

It is for such reasons that the success of maintenance tech- — 
niques can be determined only by large-scale field trials. I 
cannot support too strongly the views on this point expressed | 
by Messrs. Barron, Flowers and Preist. The Bell System in- 
America may have plunged into bolder experiments, true to 
their national character, whereas the British Post Office has 
followed the more analytical and cautious route; but, as Sir 
Gordon Radley so rightly implies, the conclusions should be 
the same. It is the practical result which counts, and particularly 
the result as seen by the subscriber. 
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SUMMARY 


Analysis has been carried out for the determination of the distribution 
of electric field in a beam power valve when the control-grid pitch is 
larger than the cathode-control-grid distance. The method followed 
is an extension of the one suggested by Fremlin for a triode valve. 
Expressions have been derived for the various amplification factors, ju, 
and it is shown that, in general, these factors vary along the surface 
of the cathode. It is further shown.that the earlier expressions that 
aave been derived give only the average values of the amplification 
actors. 

Expression for mutual conductance, g,,, has also been considered for 
he beam tube. It is shown that, by taking account of the so-called 
nselbildung effect, arising out of variation of u referred to above, close 
igreement between theoretically computed and experimentally obtained 
vharacteristics may be secured. 


(1) INTRODUCTION 

A highly efficient and widely used power valve is the so-called 
yeam tetrode, in which the undesirable effects of secondary 
mission from electrodes are eliminated by using aligned grids, 
leflecting plates and large separation between the screen grid 
ind the anode. The underlying principle of operation of'such 
valves is conveniently studied by considering separately the two 
listinct regions of the valve, namely: 

(a) the region between the screen grid and the anode, and 

(6) the region between the cathode and the screen grid. 

Region (a) is investigated by studying closely the nature of the 
low of the space charge. The investigation leads to an under- 
tanding of the shape of the plate characteristic curve and the 
fficiency of the valve. Region (b) is best studied by analysing 
he distribution of the electric field. The analysis leads to an 
inderstanding of the mutual characteristics of the valve. 

The problem connected with (a) has been treated in detail 
or a valve of plane geometry, and the results obtained serve 
is a useful basis for the design of beam power valves.!>” 
Vith regard to (b), direct analysis has been carried out for plane 
ralves for the case when the grid-wire radii are small and inter- 
lectrode distances large compared with the grid pitch.? The 
esults obtained, however, are often only partially successful in 
lucidating the characteristics of beam power valves as actually 
nanufactured. This is mostly due to the fact that the distance 
rom cathode to control grid of such valves is generally 
maller than the grid pitch. For valves having such a geometry 
he amplification factor, and hence the cut-off bias, might 
enerally vary with position in relation to the grid wires. 
Jnder this condition, over a portion of the negative grid 
egion of the characteristic curve, emission of current might 
ye confined to isolated strips or islands on the cathode surface 
riving rise to the phenomenon known as inselbildung. Hence, 
he characteristic curves computed from the results of simple 
malysis referred to above deviate more and more from the 
xperimental results as the cut-off point is approached. When 
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the cathode-control-grid distance is not less than one-half the 
grid pitch an indirect method, suggested by Liebmann* and 
based on the results of his analysis of electric field in a triode, 
is helpful in computing the amplification constants and mutual 
characteristics of a beam power valve. A direct and less restricted 
analysis of the electric-field distribution in a beam tetrode for the 
case of small cathode-grid distance has not hitherto been made. 
This has been done in the present paper by extending the method 
used by Fremlin for triodes of small cathode-grid distance. 
The analysis is found to yield very good agreement between 
theoretically computed and experimentally obtained charac- 
teristics of the valve. 


(2) ELECTRIC FIELD IN A BEAM POWER VALVE 
We consider the case of a “‘plane”’ valve in which the cathode 
and the anode are plane surfaces and the grids consist of sets of 
equidistant straight parallel wires. A cross-section of the valve 
is shown in Fig. 1, where C, g, S and A indicate respectively the 
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Fig. 1.—Cross-section of a plane beam power valve. 


C = Cathode. 
g = Control grid. 
S = Screen grid. 
A = Anode. 
The image of the control grid, shown by the broken line below C, must be taken into 
account when deg < c. 


cathode, the control grid, the screen grid and the anode. The 
symbols used for the various dimensions of the electrode structure 
are shown in Fig. 1. 

For the purpose of analysis the y-axis will be taken as coincident 
with the cathode section and the x-axis as passing through one 
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of the grid wire centres. If the space-charge effect and end 
effect are neglected, the potential at any point in the valve is 
given by the sum of the potentials due to the charges on the 
valve elements, namely the line charges on the two grids and 
the charges on the anode and cathode surfaces, the boundary 
condition being that the potential has a constant value over the 
surfaces of these elements.5 Thus, we have for the case of small 
screening constant of the grids 


2 
V = —q, log2 cosh = G,.) & COS aE 


— cos ®”] — x + 


(1) 


where g,, g;, B and K are constants to be determined from 
boundary conditions. This simple expression for V, however, 
ceases to hold if 


2 
— q, log 2 cosh = — de 


wee 
(4 


as in this case, the expression does not give constant value of 
the potential over the cathode. In the analysis that follows, 
this limitation will be overcome by introducing in the expression 
for V, the potential due to an image of the control grid, as has 
been done by Fremlin in studying triodes of small cathode—grid 
distance. We then have 


2ay 


2a 
cosh spilt id.) cos ee 


Vi 


pase OS Tosa ana ee 
cosh ial + d,.) — cos wee 
c c 


— q, log 2 cosh 2G =~) COS 22) —Bx+kK. (2) 


If V =0 at x = 0, ie. if the cathode is assumed to be at zero 
potential, we have 
2rd 
K = q, log 2 cosh “= x!° aeeeraen8) 


For the grid-wire surface we consider the point (d.,, r,) and 
write V = V,. 


1 — cos ae 
Hence V, = — q, log am 
cosh — cos —_£ 
c 
cosh 8S _ cos ate 
— q, log "Bd = ops) 
cosh bss 


Assuming that d,, and d,, s c and noting that 


log 2coshx ~ x (when x is large) 
sin@ ~ 6 (when @ is small) 


2 


and 
eqn. (4) becomes 


2nr, 4rd. 27d, 
rm (alge Se) ge 


(5) 


Proceeding in the same fashion we get 


ae —q,(— “7s ) - g,(210 gome— a Bd, . (© 
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4rd, 
| Agee ue 2 


where V, = 


) = q; | 


screen-grid potential, and 
V, = anode potential. 


mi 
a.)| — Bd,, . Ciel 


Eqns. (5), (6) and (7) can be written as 
a,B + bq, + ¢\q, + V, = 0 
a,B + bog, + Cog; + Ve =O + 5 
a3B + b34, + C34g + ss —— 0 


Solving by the method of determinants, 


| | 
A, | ‘| 
Wg ig A (9) | 
A 
qs = 
where ‘ 
F2 (loe“T — Fa) 
2nr, 4d..\ 7 47 
& ee log “We — ‘4e5 Teg, — d,.) — sa 
+ VA E " log “a 
ui, 2ar 
+ 2 (Fd a4, ~d,,log—* | 
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+V, (Maude) — Va( 2deg log 8 
4 2 2 ag 
2 TT Tg 
fa V5 (a dig) — Vi2(— Ode, tae alog—* 
2zr, 
saya fe dade sed slog 
w 8746 1 
2 (tog ~* "s . dgq) 
- Qqare) "2ade 4n? 
ite 2d. | (tox 72 Cc f— oe > ) ry ra | 
2rr, T /7 
+ 4d,, te aes +o (aes 
2nr, 
= ao) ss ] 


Eqns. (7), (9) and (10) determine the electric-field distribution 
inside the beam power valve. 


(3) AMPLIFICATION FACTOR AND CAPACITANCE 
COEFFICIENT . 

From eqn. (2) we obtain the following expression for the off- 
cathode potential gradient: 


ov dar 2a 
te a %—1O, i) + Is 10, ds) —_ B 


ay | 
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vhere 
sinh pes 
f(y, dog) = (12) 
OS) 5) es mcg — cos 2nY 
Cc c 
ae 27d,5 
c 
f(y, d,s) (13) 
cosh oad 
Since d,, > c 
fo.) ~ tanh “es ae 
OV 4a 27 
Hence, (55) =u gi de) +4. —B (14) 


An examination of the relative influences of the various elec- 
trodes upon the off-cathode gradient leads readily to the various 
amplification constants of the valve. The two amplification 
factors that are of importance in a beam tetrode are (a) the 
amplification factor of the control grid with respect to the anode 
(u,), and (5) the amplification factor of the control grid with 
respect to the screen grid (z,). 

If L/A, M/A and N/A denote respectively the coefficients of 
V,, V, and V, in the expression for off-cathode potential gradient, 
eqn. (11), 

Pa = LIN 


and ps = L/M 


From eqns. (10) and (12) we obtain 
8 
bis. a id, — log pes =) 


2 
ay i f(y. ? do) = sade 


1672 87 27 
MM a Isatbegt (y ? dg) aot cay d,, on deg 


2ur, =) 


mt 
see) hits 


2ar, (27d 2rr 
Coe g& 
N = 4 log : (= : log en ) 
BE ly.dg 
Cc 
We thus get 
2a 2ar 27 2mr, 
hi deg dg — log) — (des — eq 08) £9.49) 
Sars 2ar, 2m1dg 2ar, 2nr, 
x boe = — log ae) — dz, log f(y, dg) 
- . (16) 
2 2 2a Tr 
© deg (Fdyg — log 2) — (Fd — 4 alog ==) fd) 
@ 277d .g 2rr, 
rrr 


(17) 


_ Eqns. (16) and (17) give w, and y., as functions of the distance 
measured along the cathode surface, and determine the extent 
up to which the inselbildung effect is prominent in the charac- 
teristic curve of the tube. Since u, s 4, and beam power valves 
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are usually operated above the knee of the plate charac- 
teristics, inselbildung would depend mainly on the variation of 
4, with y. 

We note that when d., > ¢ 


f(y, d,.) ~ tanh ——% ee ~1 
and eqns. (16) and (17) become 
dat x Sg log 2ur, 
Wee P ae aya Tet (18) 
c \2 lo 2nr, a Dairy ee 
(Gz) loe= ar 
Cc 27r 

dates — Fpxtea 1OR (19) 

Bs = 
G los 2nr, 


Qn * 
Thus, when d., > c the expressions for pw, and p, become 
identical with those given earlier by Spangenberg.? 

A concept useful in the study of electric field inside an 
electron tube is that of the capacitance coefficient, defined as 
the equivalent capacitance between two electrodes per unit area. 
If C,,, C,; and C,, denote the capacitance coefficients between 
the cathode and the control grid, the screen grid and the cathode 
and the anode and the cathode respectively, the off-cathode 
potential gradient may be expressed as 


of) = 4it(CogV, + CoV + CacVa) (20) 
6x x=0 
From eqns. (9), (10), (11), (15) and (20) we obtain readily 
2s 
Cos = te A 
1M 
Ces > 4n A (21) 
1 N 
Cac ey An A 


We find from egns. (15) and (21) that all the three capacitance 
coefficients may be expressed in the form 


The capacitance coefficients therefore vary with y. We can 
define an average value of C by the relation 


c|2 
C= =| Cdy 
(4 
0 
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2B 
pad oak CS, 
c 
0 


d.,)dy (23) 


27d, 


and ¢ = agaidd 


Cc 


Putting Z = coth —_= 
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where P,(z) is the Legendre function of order n. One therefore 
obtains 
27r, T here. 7 
aoe Lea pet 
Cy = a 100 \ Joie 
ie 
2ar, + { Pes 
=—— (24) fr, 
Cos bes cN al ec i K 
2 
lone "s log as 
Cas See ee | 
10 + 
f : ? o = 
The average values of the amplification factors are given by =) } eS | 
x | 
Te = Coz * IQ [ y 
spies é 
(25) | 2r,/e= 0-025 
a me sap 21 /e= 0:05 - 
Cos 2r,/e= 0-1 
From eqns. (18), (19), (24) and (25) it is seen that Spangenberg’s 1 [| 2rp/c= 0-2 
expressions may be regarded as those for the average values of [ ara ml 
the amplification factors. = 
It is easy to show that if d,, and d,, are both large compared he 
to d.,, eqns. (16) and (17) may be reduced to the form fi ‘| 
‘a 
a 2, — 2 { | 
St De 1 
Wes 1 2m, 0 
og = 0 0-4 08 2 16 2-0 ‘i 
d | 
“ce | 


where ji is the average value of ~. The maximum value of wu 
occurs for y = 0. If this maximum value is written as p,,, then 
the largest percentage deviation of the amplification factor from 
the mean value is obtained as 


be (1 + py) (coth 7x - 1) 


Cm oY 100 = - x 100 . (26) 
ie 1 — (4 (coth = — 1) 
where 4 Liss He r 
c log hs 


Eqn. (26) has been plotted graphically in Fig. 2 with 2r,/c as 

a parameter. It will be observed from the curves that the 

- quantity [(4,, — )/j£] x 100 increases sharply as the ratio d,,/c 

decreases below unity. This suggests that inselbildung would 

become appreciable when the cathode-grid distance became 
smaller than the grid pitch. 


(4) MUTUAL CONDUCTANCE OF A BEAM POWER VALVE 


Anode current in a beam power valve, when no virtual cathode 
is formed between the screen grid and the anode, is given by 


212° 336K TOE ES DYE 


uy (27) 
| @ 
‘where S = cathode area, « ~ 1:5 
__ Anode current 2r, a 
7 Rotabeuaency ne 


i 

.—lIllustrating how the largest percentage deviation of the | 
amplification factor from the mean value (jf) varies with the 
cathode-control-grid distance measured in terms of the grid 
pitch. | 


Fig. 2 


and Vg = equivalent grid sheet potential 


4, = amplification factor of grid with 


(29) . 
respect to cathode 


= ——— 7 
c log coth oe f(i-e i) 


for d.g <c and 2r, <c¢ 


The factor 4/3 in the last term of the denominator takes into 
account the effect of space charge.”? From eqn. (27), 


6SD\ 213. | 
ee (ee 336 X a -—) (30) 


1/3 amp/volt 
In computing the values of i, a &» With the help of eqns. (27) . 
and (30), use should be made of the amplification factors as 
given by eqns. (16) and (17). 

It is to be noted in this connection that the 3/2 power law off 
Child [eqn. (27)] is valid when the effect of the initial velocity 


j 


yf the electrons is negligible. This is not, however, the case 
vith closely spaced valves. For such valves the relation given 
»y Langmuir and Fry is more accurate but is somewhat un- 
vieldy for practical handling. Fortunately, however, in practical 
ralves there are other factors such as contact difference of 
dotential and end cooling which tend to mask the effect due 
‘0 initial velocity. Because of this the results obtained from 
‘qn. (27) may be taken to be substantially accurate for all 
practical purposes.8 The masking effect due to contact potential 
lifference is illustrated in Table 1 by considering the case of a 


Table 1 


From 
Langmuir’s law 


with correction From 


Child’s law 


From 
Langmuir’s law 


Inter-electrode 


distance for contact 


iA 
@ (iii) d (vy) 


diode with an oxide cathode. For this the contact potential 
difference between the anode and the cathode has an average 
value of about —1 volt. In Table 1, columns (i), (ii) and (iii) 
sive respectively the electrode dimension, the anode potential 
and the current as given by Langmuir and Fry’s relations. 
Column (iv) gives the results of the preceding column corrected 
for contact potential difference, and column (v) the results as 
xiven by Child’s relation. It is seen that the two sets of results 
ziven in columns (iv) and (v) are in satisfactory agreement. 


(5) AN ILLUSTRATIVE EXAMPLE 


We shall illustrate the accuracy and the usefulness of the results 
of analysis given in the foregoing Sections by considering the case 
of the Type 807 valve which had been used by an earlier worker 
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‘ig. 3.— Illustrating how for a Type 807 beam power valve the amplifi- 
cation factor of the control grid with respect to the anode (ua) 
varies along the cathode surface. 
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for numerical computation.2 The valve has the following 


dimensions: 
Dig US Page 
dig =0-041em —% = —*=0-100 
C c 
d,, = 0-107cm c = 0:078cm 
d,, =0:°500cm = s = 1:820cm? 


Fig. 3 gives the variation of 4, with y of the valve for one-half 
of a symmetrical section containing a single grid wire. The 
corresponding variation of jx, is shown in Fig. 4. Variations in 
the other half of the section are just mirror images of those 
depicted by the curves in these Figures. It is seen from the 
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Fig. 4.—Illustrating how for a Type 807 beam power valve the amplifi- 
cation factor of the control grid with respect to the screen grid 
(us) varies along the cathode surface. 
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Fig. 5.—Illustrating how the space current density varies along the 
cathode surface of a Type 807 beam power valve for different 
values of Vg when Vg = 600 volts and V; = 300 volts. 
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Fig. 6.—Mutual characteristic curves of Type 807 beam power valve, 
for Vz = 600 volts and V, = 300 volts. 
e e e Experimentally obtained values. 


Curve obtained after present theoretical analysis. 
—--- Results as obtained from the earlier analysis of Wada, 


curves that in the Type 807 valve under consideration the amplifi- 
cation factors vary by about 100%. This implies existence of 
appreciable inselbildung. 

The above curves, together with eqn. (27), may also be used to 
examine the variation of space current density along the y-axis. 
This variation is shown by the curves in Fig. 5 for a number of 
values of V, when V, = 600 volts and V, = 300 volts. Curves 
in Fig. 5 in their turn enable one to compute the mutual charac- 
teristic. This is shown by the continuous curve in Fig. 6. This 
curve may be compared, on the one hand, with the broken curve 
(in the same figure) which is plotted from the earlier computed 
results of Wada, and on the other, with the line joining the thick 
dots indicating points obtained experimentally. It is seen that 
the curve as obtained by the present analysis agrees better with 
the experimental results than the curve of Wada. In particular, 
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the slope of the computed curve is in excellent agreement witl y 
that obtained experimentally. The theoretical value of g,, thus 
agrees almost exactly with the €xperimental value. For | | 
for i, ~ 72mA, we have g,, ~ 6000 micromhos from the con- 
tinuous curve (Fig. 6). This also is the value of g,, given in 
valve manuals. The slight lateral deviation of the theoretical _ 
curve from the experimental one might be due to contact dif- | 
ference of potential, initial emission velocity of the electrons and 
other such factors not taken into account. 


(6) CONCLUDING REMARKS 


The present investigation shows that in a beam power valve the | 
inselbildung will be high if the control-grid pitch is larger than | 
the cathode-control-grid distance. The analysis also shows | 
that simple expressions for pple, constants may be | 
derived by taking this effect into account.’ The expressions as | 
derived remove to a large extent the discrepancy that exists at | 
present between theoretically computed and experimentally | 
obtained characteristics of the valves, even when the effects due | 
to contact difference of potential, initial emission velocity and | 
end cooling are neglected. Closer attention should therefore be | 
given to the effect of possible “island formations” when designing | 
such valves. 
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SUMMARY 


_ An experimental study has been undertaken in an endeavour to 
achieve an understanding of the mechanism of carrier-leak in shunt 
modulators, to elucidate some of the factors affecting the attainment 
of low leak levels (in the range 40 to 80dB below the carrier voltage), 
and to investigate the possibilities of d.c. balancing of the rectifier 
bridge. ; 

_ With a square-wave carrier voltage in a non-reactive circuit (or at 
low frequencies) conditions approximate to those of ideal switching; 
carrier-leak is a function of the unbalance of the rectifier resistances 
for two specific voltages (one positive and one negative) and is quite 
calculable. A very low total leak voltage (i.e. including all frequency 
components) can be obtained by means of a simple resistance balance. 
‘The correlation of d.c. and a.c. components of the leak is excellent if 
Tectifiers with high or alternatively well-balanced back-resistances 
are used. 

With a sinusoidal carrier supply, carrier-leak arises during the transi- 
tion period of rectifier switching (i.e. during the change from forward 
to backward resistance and vice versa), and can therefore no longer 
be completely eliminated by a simple resistance control. Complete 
suppression of any one component (usually the fundamental) is 
theoretically possible in the non-reactive case, but in practice, unbalance 
of rectifier and stray reactances gives rise to a finite leak voltage. 
Results, even at low frequencies (less than 5kc/s), are thus inferior to 
those obtained using a square-wave carrier, and in the experimental 
circuit it was difficult to obtain, by resistance balancing, fundamental 
components of the leak voltages lower than 0:1% of the carrier 
forward peak potential difference. Correlation between d.c. and a.c. 
balance conditions is also inferior, and zero d.c. leak might correspond 
to anything up to 0-4% leak of fundamental a.c. component. It is 
shown that the use of a capacitive as well as a resistive balance control 
can reduce leak voltages to a very low order, approaching—and with 
‘care equalling—zero on a short-term basis. 

At higher frequencies, reactance unbalance plays a very large part 
in the production of carrier leak. It is demonstrated that the minimum 
fundamental leak voltage obtainable with a resistive balance alone rises 
linearly as frequency is increased, and that a combination of resistive 
and reactive balance controls can be used to achieve suppression of 
one component as good as, or better than, that obtained at low fre- 
quencies without a reactive balance. 

The a.c./d.c. correlation at high frequencies is quite reasonable, even 
with a reactive unbalance. With an unbalance of 50uuF at 1kc/s 
(equivalent to the probable value of 0:5 zyF at 100kc/s) correlation 
was such that for zero d.c. leak the a.c. fundamental leak did not 
exceed about 0:5 % of the carrier forward peak potential difference. 

It appears to be a fairly safe general conclusion that control of 
carrier-leak adjustment by the use of a d.c. meter is likely to prove 
very useful in practice and, provided that efficient rectifiers are used, 
should enable a.c. leak voltages to be maintained at least 40dB below 
the carrier voltage across the rectifiers. 

Under reactive conditions, the effect of carrier-generator impedance 
is complicated. If it is itself partly reactive, the capacitance balance 
becomes frequency dependent, i.e. a different adjustment of the 
balancing capacitor is required at each frequency. This dependence 
on the carrier-generator impedance is probably due to the fact that the 
rectifier bridge is not truly balanced over the whole switching cycle, 
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but is merely adjusted to give a minimum output of one particular 
frequency. 

Some results are given for the type of shunt modulator having no 
transformer—a useful alternative to the Cowan type. Very low leak 
voltages are shown to be obtainable by adjustment of the relative value 
of the two coupling capacitors. 


(1) INTRODUCTION 

Amplitude modulation is basically a multiplicative process, and 
the output can be expressed as the product of the input signal 
and a time function—termed the modulating function—which is 
dependent on the carrier input. Amplitude modulators can be 
broadly divided into two classes: those where the modulating 
function is dependent on the instantaneous amplitude of the 
carrier (multi-electrode valve modulators, etc.), and those where 
the modulating function is dependent only on the polarity of 
the carrier (switching modulators). The shunt (or Cowan) 
modulator is a single-balanced modulator of the latter type— 
single-balanced because the output ideally contains no component 
at carrier frequency. 

The basic circuit of the shunt modulator is shown in Fig. 1, 


Fig. 1.—Basic shunt modulator. 


E, = Signal source. 
Eo = Carrier source. 
Ru = Load. 
P = Carrier-balance potentiometer. 


and the action of the circuit is as follows. Assuming that the 
carrier voltage developed across each rectifier is much larger than 
the signal voltage, the rectifier bridge shunting the load R, 
alternates between a high and a low impedance, compared with 
R,, according to the polarity of the carrier voltage. The wave- 
form of the output across R, is therefore a chopped version of the 
input signal. In the ideal case, with a sinusoidal input signal, 
this output can be shown to consist of a component at signal 
frequency, f,, plus an infinite series of frequency components of 
the form nf, + f, where f, is the carrier frequency and n is odd. 
In this ideal case there is no component at f, present in the output, 
the rectifier bridge being perfectly balanced. This is not, of 
course, possible in a practical circuit, and the unbalance com- 
ponent in the output at carrier frequency is termed carrier leak. 

Rectifier modulators are most commonly used, in conjunction 
with a filter, as frequency-changers, and in many cases a large 
dynamic range of signal input is desirable. The upper limit of 
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permissible input level for a given carrier voltage is set by over- 
loading and consequent non-linearity of the modulator, the over- 
loading occurring when the signal voltage developed across the 
rectifiers in opposition to the carrier voltage becomes sufficiently 
large to prevent complete switching of the rectifiers. The lower 
limit of input signal is set by carrier leak. It is therefore desirable 
to reduce the latter as much as possible. 

A certain degree of carrier-leak balance can be obtained in any 
mominally balanced rectifier modulator by selection of rectifiers 
«or the use of a balancing potentiometer, and the calculation of the 
‘effect of unbalances in an idealized non-reactive modulator with 
‘A square-wave Carrier is quite simple. A very different situation 
vexists, however, when low leak-levels are required in real modu- 
lators with imperfect switching in partly reactive circuits. The 
subject of carrier leak has received little attention in published 
work, the only treatment known to the author going beyond the 
simplest conception of the problem being a study by D. G. 
Tucker!> of the effect of carrier-generator resistance on carrier 
leak in ring and shunt modulators using a sinusoidal carrier, 
rectifiers with a slow transition from high to low resistance and 
vice versa, and perfectly non-reactive circuit elements. Another 
important contribution from the practical point of view is a note? 
by the same author showing that in single-balanced modulators, 
such as the shunt modulator, there may be, with suitable design, 
a close correlation between the d.c. and a.c. components of the 
carrier leak; this would permit maintenance and control of 
carrier leak to be effected by a d.c. meter instead of the usual 
expensive frequency-selective valve voltmeter. The analysis given 
was limited by the assumption of a square-wave carrier and non- 
reactive circuit elements. 

It is clear that a much more thorough study of carrier-leak 
problems is required if leak voltages of less than, say, 0-:1% of 
the carrier voltage across the rectifiers are to be attained. A 
mathematical approach to the study appeared much too formid- 
able to be of much practical value, and therefore an experimental 
study was undertaken to elucidate some of the factors affecting 
the attainment of very low leak-levels (in the range 40 to 80dB 
below the carrier voltage), with particular reference to the correla- 
tion between d.c. and a.c. components of the carrier leak. 

The majority of the experiments were carried out with two 
particular modulator circuits, using thermionic diodes with a 
forward resistance of about 300 ohms, carrier forward peak 
potential differences of about 1 volt, and a modulator load 
resistance of the order of 3000 ohms. It is thought that such a 
modulator is reasonably typical of many used in practice, and 
that it is therefore worth while to give some detailed experimental 
results in the succeeding parts of the paper. 


@Q) CORRELATION BETWEEN A.C. AND D.C. CARRIER- 
LEAK VOLTAGES WITH SQUARE-WAVE SWITCHING 
(THEORETICAL) 

or convenience, the contents of the note previously referred 
to? are summarized here. 
It is suggested that for shunt (Cowan) modulators employing 

a square-wave switching (carrier) voltage, a carrier-leak balance 

sufficiently accurate for most practical purposes can be obtained 

using a d.c. meter to balance the d.c. component of the carrier- 

leak current, as opposed to an a.c. voltage measurement with a 

wave analyser or calibrated receiver. Monitoring and main- 

tenance of modulators in service is thereby greatly simplified. 
Fig. 1 shows a rectifier modulator of the shunt type, and the 
following assumptions are made: 
(a) Square-wave switching is employed. 
(b) The circuit is non-reactive. 
(c) The rectifiers are ideally switched, i.e. they switch instan- 
taneously at zéro voltage from a constant forward resistances(r ) 
to a constant backward resistance (rp). 
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Owing to the presence of a finite carrier-source resistance. 
(Fig. 1), V, will be as in Fig. 2(6). The subscripts f and b 
to forward and backward half-cycles respectively. The gen 
form of the carrier-leak voltage across the load R is shown in | 
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Fig. 2.—Waveforms of carrier-leak voltage of shunt modulator with | 
square-wave carrier supply. Pal 
(a) Carrier e.m.f. | 
‘ inn oa potential difference (reduction in amplitude of positive half-cycles if — 
Co 
(c) Carrier-leak voltage across load (unbalanced). 
(d) Carrier-leak voltage across load (a.c.-balanced). , | 
(e) Carrier-leak voltage across load (d.c.-balanced). | 


Fig. 2(c). The leak voltage during the forward half-cycle ( Vip) |) 
can be varied over a range of positive or negative values by means 
of the balancing potentiometer P (usually of the order of a few | 
hundred ohms). The backward leak voltage (V;,) will be very | 
small if r, is large, and will be virtually unaffected by variation | 
of P. 

The two methods of balancing give a carrier-leak waveform 
as shown in Figs. 2(d) and 2(e). 

Consider these separately: 


A.C. Balance [Fig. 2(d)}. 

A.C. balance is obtained by adjusting P for minimum a.c. leak 
at carrier frequency (measured on wave analyser). The residual 
leak is a direct voltage of amplitude V,,. 


D.C. Balance (Fig. 2(e)]. 


Here P is adjusted so that the mean d.c. level of the leak 
waveform, as measured with a microammeter in series with the 
load, is zero. This means that V,,is made equal but opposite in 
sign to V;,, and the residual fundamental leak-voltage component _ 
is A/a Vip (peak). 

If r, is high (say 100 kilohms or more), then V;, will be very 
small, and the residual a.c. leak for the d.c. balanced condition 
will, for most purposes, be negligible. If r, were infinite, then 
V,, would be zero and therefore a.c. and d.c. balance conditions 
would exactly correspond. This condition is closely approxi- 
mated in modulators using thermionic diodes, for which r, is 
almost infinite, as switching elements. 


(3) SQUARE-WAVE CARRIER AT LOW FREQUENCIES 


The above theory was confirmed by measurements on a shunt 
modulator (Fig. 3) using diode rectifiers each shunted by a 
1-megohm resistor (to give a finite and known back resistance). 
The carrier generator was isolated from the modulator by means 
of a transformer, thus enabling it and the modulator load to 
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Fig. 3.—Circuit used for experimental work on carrier-leak. 


R ={1 megohm. P = 500 ohms. 
M = Unipot centre-zero microammeter. 
WA = 4c/s-bandwidth wave analyser. 
Eg =fCarrier e.m.f. 
Vo ={Carrier potential difference. 


Transformer ratio 1 : 1. 
Rectifiers CV140. 


have one side earthed. The square-wave switching waveform 
was obtained from a cathode-coupled trigger pair, triggered by 
the zero-crossings of the output from a beat-frequency oscillator. 
A centre-zero unipivot microammeter was used to measure the 
d.c. component of the carrier-leak current in the load. 

_ Experimental results (not given in detail) confirmed the theory 
of the preceding Section. At low frequencies (1 kc/s or so), where 
the modulator can be assumed to be non-reactive, zero d.c. leak 
corresponded very closely to a minimum a.c. leak, the value of 
the latter being of the order of 0-1% of the carrier forward peak 
potential difference. * 


(4) SINE-WAVE CARRIER AT LOW FREQUENCIES 


(4.1) Basic Theory 


When a sinsusoidal switching voltage is used, the simple 
approach of Section 2 is no longer valid, since the major part of 
the carrier leak is due to unbalance during the transition period, 
i.e. while the rectifiers are changing from forward to backward 
resistance values and vice versa. For detailed examination of 
carrier leak, therefore, the assumption of ideal switching of 
rectifiers must be abandoned. 

The impedance characteristic of a thermionic diode follows 
very closely an exponential law:3:5 


r =r, + ke—W (see Fig. 4) 


where r is the a.c. resistance of the diode (defined as dV/dI), 
and 1, k and q are constants. It has been shown experimentally 
that the parameter gq is fairly constant for a given type of diode, 
while r; and k vary from sample to sample, and with heater 
current. : 

Thus the simple resistance balance P cannot completely 
eliminate carrier leak, since adjustment of P can only compensate 
for differences in rr. The residual leak is then due to differences 
in the value of k. 


* Unless otherwise stated, all results quoted in the paper refer to a shunt modulator 
as shown in Fig. 3. 

Carrier source resistance (R-) = 2-2 kilohms. 

Carrier potential difference (V.) = 1 volt forward peak. 

Modulator load (R) = 3-3 kilohms. 

Leak voltages are quoted at fundamental frequency. 


MODULATORS OF THE SHUNT TYPE 477 


= 0 = 
v 


Fig. 4.—Typical diode a.c. resistance characteristic, 
Represented closely by the equation: 
r=rp¢ + ke-av 
(Logarithmic scale for r.) 


Fig. 5 shows the form of carrier leak to be expected. The 
waveform can be divided as follows: 


Period A.—Diode resistance is very high (rp) and leak voltage 
therefore negligible. 

Period B.—Transition from ry to r¢ takes place; leak voltage is 
due to difference in value of k for the diodes. 

Period C.—Diodes are biased to forward resistance, balanced by 
means of P. Leak voltage can be made zero. 

Period D.—Transition from rf to rp. 


Fig. 5.—Form of carrier-leak voltage with sinusoidal-carrier voltage. 
Rectifiers conducting on positive half-cycle. 


Period A: Leak voltage low owing to high back resistance of rectifiers. 

Period B: High leak-voltage due to unbalance of rectifiers during transition from 
non-conducting to fully conducting condition. 

Period C: Leak voltage reduced by means of balancing potentiometer P (Fig. 1). 

Period D: Transition of rectifiers from fully conducting to non-conducting condition. 


The complete waveform (i.e. as in Fig. 5) can be calculated 
using the exponential law given above to represent the rectifier 
characteristics. The waveform obtained in practice was in close 
agreement with this, and is illustrated in Fig. 6(d), which shows 
the carrier leak obtained at 3kc/s from a shunt modulator as 
in Fig. 3, using a sinusoidal carrier e.m.f. 

Variation of P controls the magnitude of the leak voltage during 
the period C, by balancing the forward resistances of the diodes, 
This voltage can be made positive or negative if the range of P 
is sufficiently large. The backward leak (period A) is virtually 
unaffected. This is illustrated by Fig. 6 showing the effect of 
variation of P on the carrier-leak waveform of the modulator of 
Fig. 3 at 3kc/s. 


(4.2) Balance of One Frequency Component 


In the case of a perfectly non-reactive circuit, a perfect balance 
of any one frequency-component of the carrier-leak voltage (the 
fundamental, say) appears to be possible using only a resistive 
adjustment, in spite of the time-varying nature of the rectifier 
resistances. This follows since these non-linear components can 
be replaced, at fundamental frequency and for a given funda- 
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Fig. 6.—Carrier-leak voltage waveforms illustrating effect of balancing potentiometer P. 


Circuit as in Fig. 3, with sinusoidal carrier supply. 
Sc = 3kc/s, Re = 500 ohms, Ry = 3°3 kilohms, and Vg = 1 volt forward peak. 
Reference line at earth potential, 
D.C. leak and r.m.s, fundamental a.c. leak voltages: 

mV 

15 

2:5 (d.c.-balanced) 

0-2 (a.c.-balanced) 

3°5 : 


10 
25 


mental voltage across them, by their fundamental resistances— 
hypothetical values which are voltage dependent, but not time- 
yarying.* This technique has been described fully by Moullin® 
and Slemon,’ although not in connection with modulators. 

A recent theoretical analysis of carrier leak in modulators by 


Tucker? also confirms this, although the result obtained is not 
/perfectly general. 


(4.3) Correlation between A.C. and D.C. Balance 


The values of residual a.c. leak (fundamental component) and 
mean current through the load are given in Fig. 6 for various 
settings of P. It is always possible to adjust P so that the mean 
current through the load is zero (i.e. d.c. balanced condition) 
since P affects only the forward leak. This will clearly occur 
when the areas enclosed by the leak waveform above and helow 
the zero axis are equal. [See Fig. 6().] 

This, of course, does not necessarily correspond to minimum 
fundamental leak, and the residual a.c. leak in Fig. 6(b) was 
2-SmV. Minimum a.c. leak (200 V) in fact corresponded to 
a mean current of 0-8 wA. 

This result is fairly typical for the type of rectifier used, and it 
will be noted that although it can be further reduced, the a.c. 
leak obtained at low frequencies by balancing P to give zero 


‘mean current through the load is sufficiently small for most 
| applications. 


(With a carrier potential difference of 1-0 volt 
forward peak, a fundamental leak voltage of less than 10mV is 
often satisfactory.) 


(4.4) Production of Higher Harmonics 


This paper is mainly concerned with the fundamental com- 
ponent of carrier-leak voltage, which, as stated in Section 4.2, 
can theoretically be eliminated in the non-reactive case. It 
should be noted, however, that the carrier-leak voltage will 
contain higher harmonics of the carrier frequency, the amplitude 
of which may be much higher than the fundamental when the 
modulator is balanced for fundamental. For example, in a case 
where the fundamental (4kc/s) component of the carrier leak 
was 0:5mV, the second and third harmonics were found to be 


20dB higher than this, and the fourth harmonic 6dB higher. 


The leak voltage contains both odd and even harmonics, as 
opposed to the case of a square-wave carrier, where only odd 
harmonics will be present. Another case revealed harmonics up 
to the tenth having amplitudes from 6 to 30dB greater than the 
fundamental (limitations of the wave analyser prevented investi- 
gation of higher harmonics). Any of these components can be 
greatly reduced by readjustment of P, but doing so of course 
increases the fundamental. In this case the sixth harmonic 
was reduced to about 0:SmV, and the fundamental component 
rose from zero to over 30mV. 

These higher harmonics are not as a rule troublesome, since 
they can readily be removed by filtering at the modulator output. 
However, in some applications, e.g. where the switching frequency 
is lower than the signal frequency, they can be of great importance. 


(4.5) The Effect of Carrier-Generator Resistance (R,) 


The relation between the fundamental component of the a.c. 
leak voltage and the mean direct current is shown in Fig. 7 for 
various values of R,. The effect of R, within the range taken 
(15 ohms to 10 kilohms) on the correlation between d.c. and a.c. 
leaks, is clearly small. The frequency in all cases was 3kc/s, 
and carrier potential difference 1:0 volt forward peak. It is 
seen that the a.c. leak is less than 10mV over a range of mean 
current of 6 wA. 


* The fundamental resistance of a non-linear impedance is defined as the ratio of 
ne ae I.m.s. voltage across it to the fundamental r.m.s. current flowing 
through it. 
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Fig. 7.—Effect of carrier-generator resistance (Rc) on carrier-leak 
voltage. 
Circuit as in Fig. 3. 
f = 3kc/s, Vo = 1 volt forward peak, Ry = 3-3 kilohms. 
Ro = 10 kilohms. 
Re = 15 ohms. 
(R¢ = 2:2 kilohms and Rg = 500 ohms gave intermediate results.) 


The higher value of minimum leak for R, = 10 kilohms is 
thought to be due to the increased effect of reactance. This will 
be discussed in greater detail in Section 5. 


(4.6) Effect of Variation of Carrier Voltage 


It is often assumed that with a sufficiently high carrier voltage, 
the rectifiers switch from a constant forward resistance, rp, to a 
large backward resistance, r,, and that when balanced, therefore, 
the a.c. leak should be directly proportional to the carrier voltage 
—i.e. the balance is not affected by variation of the latter. This 
is not, in fact, the case, and balance of carrier leak must vary 
with carrier voltage (excluding the purely academic cases of four 
ideal rectifiers, four identical rectifiers, or square-wave carrier 
and constant values for ry and r,).* 

This follows since: 


(a) The forward resistance rr is never absolutely constant, but 
falls slightly with increasing voltage across the rectifier. 

(6) With a sinusoidal carrier, the finite transition period of the 
rectifiers causes dependence on carrier voltage, independent of the 
constancy or otherwise of rr. That this must be so becomes obvious 
if the rectifiers are replaced by their fundamental resistances (see 
Section 4.2), the values of which are voltage dependent, the factor of 
proportionality not necessarily being the same for each rectifier. 


The effect of carrier-voltage variation is not serious unless very 
low leak voltages are required. 

This is illustrated in Fig. 8, which shows the change in a.c. 
leak over a range of carrier e.m.f. of +50% of the voltage at 
which the modulator was balanced (in this case 1-0 volt forward 
peak across the rectifiers, corresponding to 2-6 volts r.m.s. 
carrier e.m.f.). Curve (a) shows the variation for an a.c. balance 
at the nominal voltage, curve (b) for a d.c. balance. It will be 
noted that over this wide range the a.c. leak did not exceed 
5mV. The leak resulting from an original d.c. balance actually 
decreased in one direction as it approached the a.c. balance 
condition at a higher carrier voltage. This can, of course, occur 
on either side of the nominal voltage, depending upon the diode 
characteristics. 

* An Appendix to Reference 9 shows theoretically that in a simple shunt modulator 


with rs high, carrier leak is zero if all four rectifiers are identical, but is proportional 
to high powers of V, if there is an initial unbalance. 
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Fig. 8.—Effect of carrier voltage (Vc) on a.c. leak. 
Circuit as in Fig. 3. 
f = 3ke/s, Ry = 3:3 kilohms and Rg = 2:2 kilohms. Nominal Vg = 1 volt 
forward peak. 


(a) Modulator a.c.-balanced. 
(6) Modulator d.c.-balanced. 
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Fig. 9.—Effect of carrier voltage (Vc) on d.c. leak. 


Conditions as for Fig. 8. 
(a) Modulator a.c.-balanced. 
(6) Modulator d.c.-balanced. 


The variation of the d.c. leak (mean current through load) is 
shown in Fig. 9. 


(4.7) Effect of Back Resistance 


As stated earlier, the carrier-leak voltage during the backward 
half-cycle (diodes non-conducting) is negligibly small, since the 
load resistance is very low compared with that of the rectifier 
network. The effect of unbalance of the rectifier backward 
resistance (in this instance, of the resistors shunting the diodes— 
see Fig. 3) is therefore small, if rectifiers with a very high back- 
resistance are used. With 1 volt forward peak carrier potential- 
difference at 10 kc/s applied to the circuit of Fig. 3, a fundamental 
a.c. leak voltage (a.c. balanced) of 0-2mV with each shunting 
resistor equal to 1 megohm +5% rose to 2-2mV when one 
resistor was reduced to 500 kilohms. The d.c. leak changed only 
from 0-9 to 0-8 wA. 


(4.8) Effect of Input Signal 


The paper is entirely concerned with carrier leak measured or 
calculated in the absence of signal. The presence of voltage 
components due to a signal applied at the input terminals of the 
modulator can certainly modify the balance of the bridge in a 
practical case, but the resulting increase in carrier leak is very 
difficult to predict. It has been shown recently,? however, that 
the application of a signal affects carrier leak only if. a carrier 
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unbalance exists in the absence of signal, and that a perfectl: 


balanced modulator should not be unbalanced by the si 
voltage. 


leak is very slight, provided the amplitude of the former does not 
approach overload level. 


(5) EFFECT OF REACTANCE 
(5.1) Effect at Low Frequency 


The foregoing Sections have applied to the case of a non- 


reactive circuit obtained in practice by working at low frequencies. 


Measurements have-shown that with either square- 
wave or sinusoidal carrier voltages, the effect of signal on carrier 


At higher frequencies, the effect of reactive unbalance due to | 


rectifier and stray capacitance becomes of increased importance. 


Unfortunately, exact mathematical analysis of modulators with 
reactive components is difficult and in many cases impossible. 


One effect of reactance unbalance is an increase with fre-— 
quency of the minimum a.c. leak obtainable. This is illustrated ~ 


by Fig. 10(a), which is representative of the variation of minimum 
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Fig. 10.—Effect of reactive unbalance on a.c. carrier leak. 


Measured with circuit of Fig. 11. 


(a). Modulator a.c.-balanced—no reactive balance. 
(6) Modulator a.c.-balanced—with reactive balance. 
(c) Modulator d.c.-balanced—no reactive balance. 
(d) Modulator d.c.-balanced—with reactive balance. 


a.c. leak with frequency. The leak voltage was reduced greatly 
by balancing the stray capacitance of the modulator* as in 
Fig. 11, where a small variable capacitor can be connected across 
whichever arm is necessary. The use of a screened and balanced 
isolating transformer in the carrier path minimized the effect of 
winding capacitances by balancing them to earth. 

This arrangement reduced the carrier leak at frequencies up to 
15kc/s to a constant small value (approximately 0-2mV) as 
in Fig. 10(b). Note, however, that to obtain the flat response 
shown it was necessary to re-trim the balancing capacitor at each 
frequency. This is discussed in Section 5.3. 

Fig: 10(c) and 10(d) show similar curves with the modulator 
d.c.-balanced at each frequency. The a.c. leak without reactive 
balance, although higher, is more nearly constant than in the 
a.c.-balance case. 


(5.2) Effect at Higher Frequencies 


The degree of reactive unbalance can be increased, and the 
effect at higher frequencies thereby simulated, by the addition of 
* By the same reasoning as in Section 4.2, the fundamental component (or any one 


component) can theoretically be completely eliminated by the use of a reactive and a 
resistive balance. 


Fig. 11.—Shunt modulator with reactive balance. 


Vo = 1 volt forward peak. R= 1megohm. C = 0-100uuF. 
Rg = 2:2 kilohms. Ry, = 3-3 kilohms. P = 500 ohms. 
= Centre-zero microammeter. 
T = 1: 1 screened and balanced transformer. 


Fig. 12.—Modulator used to simulate effects at higher frequencies. 
Ry = 2:2 kilohms, R = 1 megohm, P = 500 ohms. 
Cy = Cz = C3 = Cy = 390 pF + 20%. 
Diodes: CV140. 
M = Centre-zero microammeter. 


xternal capacitors across the rectifier elements, as in Fig. 12. 
‘he effect of reactance can then be studied in greater detail, 
nd an estimate can be made of the modulator performance at 
igher frequencies. The capacitance chosen was 390 wj.uF, being 
pproximately equivalent at 1kc/s to 4upF at 100kc/s, a 
robable practical value. 

The effect on the waveform of adding these capacitors is 
lustrated in Fig. 13, which shows the effect at 1 kc/s of adding 
90 uF capacitors chosen at random across each arm in turn. 
t will be noted that the addition of 390 .uF (nominal) across 
ll four arms returned the modulator almost to the original 
ondition, as would be expected. The fact that the balance was 
ctually improved is, of course, coincidental. The worst con- 
ition (with C, alone) gave a leak of 5-SmV. 

The accuracy of balance required, of course, increases with 
requency. In another experiment, with 390juF (nominal) 
cross each arm, the leak at 1kc/s was as in Fig. 14(a); the 
undamental component of a.c. leak due to a small reactance 
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misbalance was 0-05mV. This can be reduced to zero if the 
capacitors are balanced, as shown later. Fig. 14(b) shows the 
waveform obtained with C, removed; the leak rose to 2mV. 
When C, was replaced and the frequency increased to S5kc/s 
[Fig. 14(c)], the leak rose to 1-3mV, and its waveform became 
similar to the unbalanced case of Fig. 14(5). That the increased 
leak at the higher frequency is due to reactance unbalance was 
further demonstrated by adjusting one of the capacitive arms, 
the effect of which was to return the waveform to the low- 
frequency form and to reduce the a.c. leak very nearly to zero 
[Fig. 14(d@)]. 

It appears, therefore, that the major part of the carrier leak at 
high frequency is due to reactance unbalance, and that the leak 
could be reduced to a very low value by a reactive balance (by 
means of a variable capacitor across one arm) as well as a 
resistive balance (by means of P). There is a frequency-depen- 
dent effect, however, such that a reactive balance at one frequency 
does not hold for a different frequency. 


(5.3) Frequency-Dependent Effect 


With the circuit used for the above experiments, it was found 
that the capacitance required to balance the modulator varied 
to some extent with frequency. This was found to be a function 
of either the direct or the unbalance impedance in the carrier- 
generator circuit, which includes a transformer and undoubtedly 
varies with frequency. It is quite understandable that the reactive 
nature of the carrier-generator impedance might affect the leak, 
and since the balance condition obtained is only a compromise to 
give a minimum of one particular frequency-component and is 
not an actual balance at all points in time, the whole effect is not 
unreasonable. Nevertheless, tests to determine the exact nature 
of the causes of the effect have not yet proved conclusive. 


(5.3.1) Modulator A.C.-Balanced. 

To enable a reactance balance to be made with greater accuracy, 
the circuit of Fig. 12 was used with C, made up of a fixed capacitor 
in parallel with a standard air condenser, variable from 0 to 
120upuF. The frequency dependence of the reactive balance 
mentioned in Section 4.2 is illustrated in Figs. 15(a) and 15(6). 
Fig. 15(@) shows the variation in fundamental a.c. leak with 
frequency, when both P and C, are balanced for zero a.c. leak 
at one frequency only (1kc/s). If this balance is carried out at 
10kc/s only, the curve of Fig. 15(5) results. 

Zero leak can be obtained at all frequencies if both P and C, 
are balanced at each frequency, as in Fig. 15(c). The difference 
in the values of C, required to balance the modulator at 1 kc/s 
and 15kc/s is approximately 50 wpF, i.e. of the order of 12-5 %. 

Fig. 15(d) shows the effect of balancing P and C, at 1kc/s 
and rebalancing P alone for minimum leak at each subsequent 
frequency. This curve is very close to that for P and C, both 
balanced at 1 ke/s only [see Fig. 15(a)], apparently suggesting that 
misbalance of P is negligible in comparison with misbalance of 
C,. This is not in fact the case, but it appears to be so since P 
is relatively insensitive when C, is badly misbalanced. As C, 
approaches balance the effect of P increases greatly. That both 
P and C, are of great importance is illustrated by Fig. 15(e), 
which shows the variation in leak when P is balanced at 1 ke/s 
alone, and C, rebalanced for minimum leak at each frequency. 

For Fig. 15(f), P and C, were balanced at 1kc/s, then C, 
unbalanced by 50 uuF and P adjusted for minimum a.c. leak at 
each frequency. Note that the leak voltage is less than a milli- 
volt over the range shown. The leak does not increase steadily 
as might at first be thought, owing to the capacitive misbalance, 
but rises at first and then falls to a low value as the frequency 
approaches that at which the new capacitance would give an 
a.c. balance. 
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(a) 


(a) 


(6) 


ic) 


f= 1ke/s. 


Waveform 


(e) 


leak voltage. 
Circuit as in Fig. 12. 


Fig. 13.—Effect of rectifier shunt capacitance on waveform of carrier- 


Reference line at zero potential. 


Shunt capacitors 
connected 


Fundamental 
a.c. leak 


None 
Cy 
C, and C3 
C,, Co and C3 
All 
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(6) 


Fig. 14.—Effect of frequency and reactive balance on carrier-leak waveform. 
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(d) 


Circuit as in Fig. 12. 
Reference line at zero potential. 


Waveform Capacitors connected Frequency Fundamental 
ke/s mV 

(a) AT te me 1 0-05 

(bh) C, removed .. F me 1 2:0 

(c) AT ioe ae at a 2) 5 1-3 

(a) As (c) but with addition of 0-100 uF 5 0:05 
variable capacitor across C3 ad- 
justed for minimum a.c. leak- 
voltage 


(5.3.2) Variation of D.C. Leak. 

The mean current corresponding to these curves is not constant, 
but in general falls with increasing frequency, reaching zero at 
some point around 10-15kc/s, and thereafter going negative. 
Thus the correlation between a.c. and d.c. balance conditions 
varies, and in some cases the agreement is perfect at one 
frequency. 


(5.3.3) Modulator D.C.-Balanced. 

Fig. 16 shows similar curves for variation of a.c. leak with 
frequency, the modulator being balanced for zero d.c. leak. The 
procedure is similar to that for Fig. 15, except that P is adjusted 
for zero mean current instead of zero a.c. leak. Since it is 
always possible to do this, irrespective of the value of C,, the 


latter was set at its a.c. balance value, i.e. in each case P and C, 
were balanced for zero a.c. leak, and P then readjusted to give 
zero mean current. With curve e, C, was left deliberately 
unbalanced by 50 wyuF. 

The curves of Fig. 16 will not be discussed in detail, but it 
will be noted that the leak over the frequency range taken is less 
than 3mV. Also, owing to the effect mentioned in Section 5.3.2, 
the a.c. leak in some instances falls to a low value, corresponding 
to the fall in d.c. leak for the a.c.-balance condition. 

When a reactive control is used, necessitating measurement of 
a.c. leak voltages, the d.c. balance technique might appear 
valueless. However, a process of initial accurate a.c. balancing 
followed by regular d.c. monitoring might well have application 
as suggested in Section 9. 
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mV 


leak, 


Fundamental a.c. 


\Frequency; kc/s 


Fig. 15.—Variation of a.c. carrier-leak with frequency (modulator 
a.c.-balanced). 


Circuit as in Fig. 12 but with C2 variable. 

(a) P and C2 balanced at 1 kc/s only. 

(b) P and C2 balanced at 10kc/s only. 

(c) P and C2 balanced at each frequency. 

(d) P balanced at each frequency. 
C> balanced at 1 kc/s only. 

(e) P balanced at 1 kc/s only. 
C2 balanced at each frequency. 

(f) P and C2 balanced at 1 ke/s. 
C2 then increased by 50 uuF. 
P balanced at each frequency. 


mV 


leak, 
tw 


Fundamental a.c. 


q 5 10 15 
Frequency, kc/s 


Fig. 16.—Variation of a.c. carrier leak with frequency (modulator 
d.c.-balanced). 


Circuit as for Fig. 15. 

(a) P and C2 balanced for zero a.c. leak at 1 ke/s. 
at 1 kc/s only. 

(6) As (a) at 10kc/s. 

(c) P and C2 balanced for zero a.c. leak, and P readjusted for zero d.c. leak, at each 
frequency. 

(d) P and Cy) balanced for zero a.c. leak at 1 kc/s, P only adjusted for zero d.c. leak 
at each frequency. 

(e) P and C> balanced for zero a.c. leak at 1kc/s, C2 then increased by 50uuF; 
P readjusted for zero d.c. leak at each frequency. 


P readjusted for zero d.c. leak 


(5.4) Effect of Carrier-Generator Resistance 


The effect of carrier-generator resistance was previously stated 
to be very small (Section 4.5 and Fig. 7), but it was noted that 
the minimum a.c. leak obtainable with a carrier-source resistance 
of 10 kilohms was higher than for lower values of source resis- 
tance. This is thought to be a reactive effect (the waveform is 
shown in Fig. 17; cf. Fig. 6) and will, of course, become greater 
at higher frequencies. Thus, to obtain a low carrier leak in 
the absence of a reactive balance, a low source resistance is 
desirable. 
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Fig. 17.—Effect of high carrier-generator resistance (Rc) on 
carrier-leak voltage waveform. 
Circuit as in Fig. 3. 
f = 3kc/s, Ro = 10 kilohms, and Rz = 3-3 kilohms. 
D.C.-balance condition. Fundamental a.c. leak = 2:2mV. 
Reference line at zero potential. 


This is in contradiction to a statement in a previous paper! to | 


the effect that the fundamental component of carrier-leak voltage 
decreases as the carrier-generator resistance is increased. This 


applies to the case of a non-reactive circuit and is therefore 


applicable only at low frequencies. 


(5.5) Prediction of Carrier Leak at Other Frequencies 


To study the variation of leak with capacitive unbalance, the 
circuit of Fig. 12 was used, with C, = C, = 390 wpF (fixed), C; 
made up of eight 47 uF capacitors in parallel, and C; made up 
of a 390 wuF capacitor in parallel with a 100 uF trimmer. A 
known capacitive unbalance was obtained by removing a number 
of the 47 »uF capacitors comprising C;. The relation between 
carrier-leak voltage and capacitive unbalance was found to be 
linear [Fig. 18(@)]. This is because the majority of the funda- 
mental leak is due to capacitive unbalance. 


33 


leak, mV 


a.c. 


0:5 


Capacitive bridge a.c. leak, mV 


Modulator fundamental 


o¥ 
8 Th 6 5 4 3 p) 1 0 
Number of 47upF units comprising C, 


Fig. 18.—Variation of carrier-leak voltage with capacitive unbalance. 


That the curve fora | 


Circuit as in Fig. 12, with 0-100 uuF trimmer across C3, and C, varied in units 


of 47 uF. 
C; and P balanced for zero a.c. leak with C; = 8 x 47 
f = 1kc/s, Ro = 2:2 kilohms, and Ry = 3-3 kilohms. 
(a) Modulator leak. 3 i 
(b) Capacitive bridge leak (diodes rendered non-conducting by battery in series with 
carrier source). 


wuF. 
V. = 1 volt forward peak. 


nn 


surely capacitive and resistive bridge without time-varying 
slements is also linear is illustrated by Fig. 18(b), which was 
jpbtained by backing off the diodes with a large voltage in series 
with the carrier source, and applying 2-6 volts (r.m.s.) at Ike/s. 
This suggests that, if the carrier-leak voltage for a given capaci- 
tive unbalance is known at one frequency, the leak at a higher 
frequency can be estimated. This was checked experimentally, 
and fair agreement obtained. 
_ Fig. 19 shows carrier-leak voltage plotted against frequency for 


Minimum fundamental 
ac. leak, mV 


1 pi 3 4 3) 6 fi 8 
Frequency, kc/s 


Fig. 19.—Linearity between minimum a.c. leak and frequency for a 
) given capacitive unbalance. 


Circuit as for Fig. 18. 

Numbers on curves refer to number of 47 u.zF units comprising C,. 
Trimmer adjusted at 1 kc/s only. 

Trimmer readjusted at each frequency. 


various degrees of capacitive unbalance. For the continuous 
curves the modulator was balanced for zero a.c. leak at 1 kc/s, 
and the trimmer left at that setting for subsequent frequencies. 
The broken curves were obtained by resetting the trimmer for 
zero a.c. leak at each frequency, prior to the removal of the 
47 uF units. 

The two sets of curves can be compared by considering the 
conditions which should give the same carrier leak if a linear law 
is obeyed. For example, the leak voltage at 1kc/s with four 
47 44.F units removed should be the same as that at 2kc/s with 
two removed, and that at 4kc/s with one removed. 

An example is set out in Table 1, from which it will be seen 
that the agreement is much improved when the trimmer is reset at 
each frequency. 
| Table 1 


PREDICTION OF CARRIER LEAK AT OTHER FREQUENCIES 


A.C. leak 
Number of 
47 uuF units 
removed 


Trimmer reset at 
each frequency 


Trimmer set 
,only at 1 kc/s 


mV 
Le77, 
2°6 
Br, 
4-0 
“DE 
0 
2 
8 


See le ee ee 
AAAN |] BN@N < 


nA 


NNN 
Na 
=e eee 


6) TRANSFORMERLESS TYPE OF SHUNT MODULATOR?:5 

This variation of the Cowan modulator may be-used in circuits 
where the use of transformers is undesirable, often on account of 
phase-shift considerations. Measurements were made on the 
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Fig. 20.—Transformerless type of shunt modulator. 


Values used in experimental circuit: 

C3 = 0-01 uF, C; and C2—various. 

Ks = 20 kilohms, R2 = 2:2 kilohms, ang a = 200 ohms, 
Sdiger 2 kilohms, Rs = Re = 500 ohm 


= 100 ohms. Ryz = 3-3 kilohms. 
Pamiods: CV138. Diodes: CV140. 
= Carrier voltage. 
Eg = Signal voltage. 
Vo = Output voltage. 


modulator of Fig. 20, using a carrier voltage of 1-5 volts (r.m.s.) 
at the phase-splitter input. This gives approximately 1 volt 
forward peak across each diode. 


(6.1) Correlation between A.C. and D.C. Leak Voltages 


As with the conventional shunt modulator previously described, 
correlation between a.c. and d.c. leak voltages was found to be 
sufficiently good for most practical purposes, i.e. where suppres- 
sion of carrier voltage to less than 10 mV is satisfactory. Typical 
results gave a.c. leak voltages of the order of 5mV or less for 
an input of 1-5 volts (r.m.s.). 


(6.2) Variation with Voltage 


Fig. 21 shows the variation of a.c. leak at 1kc/s with carrier 
voltage, for a.c.-balanced and d.c.-balanced conditions (at 


mV 


leak, 


Fundamental a.c. 


29 


eS 
Voltage input to phase-splitter, 


2:0 
Vv, 


Fig. 21.—Variation of a.c. carrier leak of transformerless modulator 
with carrier voltage. 
Circuit as in Fig. 20. 
f = 1ke/s, Cy = Cz = 16p. 
(a) Modulator a.c. ase. at V, = 1:5 volts. 
(b) Modulator d.c.-balanced at V; = 1:5 volts. 


1-5 volts). It will be noted that for an a.c. leak (fundamental) 
of less than 10mV, an accuracy of carrier voltage of +20% is 
sufficient. 

(6.3) Effect of Coupling Capacitors 


The reactance of the capacitors C, and C, in Fig. 20’ must be 
kept low (of the order of a few ohms) at the frequency concerned 
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mV 


a.c, 


16 | 32 (48164 
24 4056 
Coupling capacitors, uF 


] 8 


Minimum fundamental 
leak 


Fig. 22.—Variation of minimum a.c. leak with value of coupling 
capacitors. 


Circuit as in Fig. 20. 
Ff = 1ke/s, Vv; = 1-5 volts and C; = C2. 


if the a.c. leak is to be kept at a minimum. Fig. 22 shows the 
variation in leak with coupling capacitance for the modulator 
used. It will be seen that at the frequency employed (1 ke/s) 
coupling capacitors as large as, say, 16 wF (10 ohms) are required 
for low leak voltage. 

A factor which must be taken into account if very low leak 
voltages are required is the éffect of the differential time-constant 
of the two couplings. Fig. 23 shows the variation of minimum 


leak, mV 


a.c. 


Minimum fundamental 


/ 
Frequency kce/s 


Fig. 23.—Variation of minimum a.c. leak with frequency, showing 
effect of value of coupling capacitors. 


Circuit as in Fie. 20. V; = 1-5 volts. 


Cy = 8uF, C2 = 16uF. 
---- C; = C2 = 8yF. 
—-— Cy = C2 = 16 pF. 


a.c. leak with value of coupling capacitance, and the effect of a 
large unbalance between C,; and C,. The leak rises at the low- 
frequency end of the curve owing to the effect of the reactance of 
the source (i.e. of C, and C,) and at the higher-frequency end 
owing to reactive unbalance of the bridge network. Fig. 24 
shows the effect on the waveform of the leak voltage. 

Thus to a first approximation it would appear that the coupling 
capacitors should be equal and of low reactance. 

Actually extremely low leak voltages (approaching zero) are 


(a) mcr econ ae 


Fig. 24.—Waveforms of transformerless modulator carrier-leak 
voltage. 
(a) Carrier voltage input: 


(8) Carrier-leak voltage Re IG 1= 
resistance bridge. 
(c) Effect of 2:1 inequality of coupling capacitors. a 
(d) Effect of large reactive unbalance of bridge. 
(Compare Figs. 13 and 14.) 


C2 and no large reactive unbalance of rectifier- 
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obtained by making C, greater than C,. This effect has not yet 
been investigated in detail, but is most probably due to © 
difference in source impedance at the anode (approximately 
and at the cathode (approximately 1/g,,). In one experiment 
leak voltage at 1kc/s with C, = C; = 7:7mF (measured) 
reduced from about 300V to less than 5;:V by the addition 
of 1 wF across C,. 

Thus a preferable alternative to the use of the large capacitors 
(16 :F) mentioned previously is the use of much smaller values 
with provision for varying one to achieve minimum leak. 


(7) THE USE OF GERMANIUM-CRYSTAL RECTIFIERS 
IN MODULATORS 

Germanium diodes are now manufactured covering a wide |» 

range of characteristics. Rectifiers in a typical commercial | ; 


\ 
range, for example, are as follows: (a 


\ 

Forward resistance at 1 volt for- 1000, 500 or 200 ohms. 

ward peak 4 

Backward resistance at —10 volts.. 10,100,3000r1000kilohms. | 

Peak working reverse voltage 20, 40, 60, 80 or 100 volts. — 

Germanium rectifiers are nowadays reasonably rugged and 
reliable, and have the added advantages of compactness and low — 
self-capacitance (approximately 1 j.wF), and, _of course, they 
require no heater supplies. 

The performance of a conventional shunt modulator as pre- | 
viously described, but using Westinghouse WG7A germanium I 
rectifiers, was found to be very similar to that using thermiomic | 
diodes CV140. 


i 
(8) STABILITY OF CARRIER LEAK || 


(8.1) Factors affecting the Maintenance of Low Carrier-Leak | 
Voltages | 


It has been shown that carrier-leak voltages of a very low | 
order (with care, almost zero) can be realized by the use of — 
reactive as well as resistive balancing of the modulator bridge | 
network. The maintenance of the leak at these low levels 
however, is an extremely difficult matter. 
to be accurately controlled include: 

(a) Temperature (variation of which varies rectifier characteristics). 
(6) Heater current (in the case of thermionic diodes). 


(c) Carrier voltage. 
(d) Carrier frequency. 


Variables which have — 


Also, since rectifier characteristics vary with age, frequent. 
monitoring is essential. 


(8.2) Constant-Current Ring Modulator 


Stability of carrier leak in a ring modulator can be considerably | 
improved by using a circuit suggested by Cooper® and investigated | 
experimentally by Tucker,> but no analogous method seems 
possible with the series or shunt modulators. The basis of the 
method is the independent control of the currents in the two 
halves of the output transformer primary winding, unbalance of | 
which gives rise to carrier leak (as opposed to the voltage. 
unbalance of the shunt-type modulators). This is achieved by | 
the use of separate constant-current generators for the carrier 
supply. | 

If a square-wave carrier is used, very low leak levels can be 
realized and maintained. With a sinusoidal carrier, unbalance 
occurs during the transition period, when the constant currents 
divide, not necessarily equally, between the series and shunt 
rectifiers of the lattice. However, leak voltages of the same 
order as those of the basic circuits can be obtained, with the 
added advantage of greatly improved stability. | 

Since the parameter of primary importance for most modulator 
applications is dynamic range (i.e. the ratio of maximum signal 


—__ 


aeput to carrier leak), it should be remembered that the ring 
nodulator has the additional advantage of greater conversion 
fficiency. 


a DISCUSSION OF RESULTS AND CONCLUSIONS 
(9.1) Square-Wave Carrier 


| 


| The use of a square-wave carrier e.m.f. in a low-frequency—i.e. 
hnon-reactive—circuit gives a good approximation to ideal switch- 
jng conditions (i.e. where the rectifiers change from a constant 
forward resistance to a constant backward resistance, and vice 
versa, instantaneously and at zero voltage). Carrier-leak voltage 
is then due primarily to unbalance of rectifier forward resistances 
and is. quite calculable. Also, good suppression of the total 
‘carrier-leak voltage (as opposed to the fundamental component 
lonly) can be obtained using a balancing resistor. Experimental 
results obtained agreed closely with calculated values, and d.c./a.c. 
correlation is excellent if rectifiers with high or alternatively well- 
balanced back resistances are used. 


(9.2) Sinusoidal Carrier 


(a) With a sinusoidal carrier e.m.f. the concept of ideal switch- 
ing can no longer be applied, and the calculation of carrier leak 
becomes too involved to be practicable. Leak voltages arise 
mainly owing to unbalance of the rectifier bridge during the 
transition period between forward- and backward-resistance 
conditions. The total leak voltage cannot therefore be controlled 
so effectively by means of a balancing resistor as in the square- 
wave case. In a perfectly non-reactive circuit, of course, com- 
plete elimination of any one component is theoretically possible 
by means of a resistive balance. 

Measured results at low frequencies (less than Skc/s) were 
inferior compared with those obtained using a square-wave 
carrier. The total leak was much greater owing to the effect 
described above, and stray reactance, although small, prevented 
the complete suppression of the fundamental component. In the 
experimental circuit it was difficult to obtain, by resistance 
balancing, fundamental components of the leak voltage lower 
than 0-1°% of the carrier forward peak potential difference. 

The d.c./a.c. correlation (in spite of high back-resistances) was 
such that zero d.c. leak might correspond to anything up to 0-4% 
leak of fundamental a.c. component. 

(5) By employing a reactive as well as a resistive balance in 
these low-frequency circuits, however, it was possible to reduce 
the fundamental leak to zero order (i.e. less than 5 wV) for short 
periods. No work has as yet been done on the maintenance of 
these very low leak voltages, but it is thought that even on a 
long-term basis, the leak voltage should in many instances 
be considerably lower (say 10-20 dB) than that without a reactive 
balance. 

(c) At higher frequencies it has been demonstrated that 
unbalance of rectifier and stray reactances contributes very 
largely to the carrier leak, but that results as good as those of 
(a) can be obtained by balancing the reactance of the circuit. 

Reactive and resistive balance should therefore be very useful 
where leak voltages are required to be lower than normally 
obtained. 

Correlation between a.c. and d.c. leaks is quite reasonable with 
a reactive unbalance. Even with an unbalance as large as 50 wuF 
at 1kc/s (equivalent to the quite likely value of 0-5 uF at 
100kc/s), the d.c./a.c. correlation was such that for zero d.c. 
leak the a.c. leak did not exceed about 0:5% of the carrier 
forward peak potential difference. 
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(d) Under these reactive conditions, the effect of carrier- 
generator impedance is complicated, and even if it is resistive, 
the higher values may give greater leak (not less, as with non- 
reactive or low-frequency circuits) than the lower values. If the 
carrier-generator impedance is reactive, the capacitance balance 
becomes frequency dependent, i.e. a different adjustment of the 
balancing capacitor is needed at each frequency. This depen- 
dence on the carrier-generator impedance probably exists because 
the rectifier bridge is not truly balanced over the whole switching 
cycle, but is merely adjusted to give minimum output of one 
particular component. 


(9.3) Use of D.C. Balance 


It seems a fairly safe general conclusion that control of carrier- 
leak adjustment by the use of a d.c. meter is likely to prove very 
useful in practice, and provided that efficient rectifiers are used, it 
should enable fundamental a.c. leak voltages to be maintained 
at least 40 dB below the carrier voltage across the rectifiers. The 
main attraction of this method, of course, lies in the simplicity of 
regular monitoring of carrier leak. 

With reactive circuits, or at higher frequencies, a lower leak 
voltage than normal might be maintained by an initial accurate 
adjustment of a.c. leak (involving reactive balance and a.c. 
measurement) and subsequent d.c. monitoring, since ageing will 
affect the rectifier resistances, although not to any large extent 
their reactances. This scheme has not as yet been tried in 
practice. 
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A DOUBLE-GROUND-PLANE STRIP-LINE SYSTEM FOR MICROWAVES 
By BENGT A. DAHLMAN. 


(The paper was first received 3rd December, 1954, and in revised form 21st February, 1955.) 


SUMMARY 


The double-ground-plane strip line consists of two parallel conduct- 
ing planes with a conducting strip imbedded in a homogenous dielectric 
between them. Transmission characteristics for this system are cal- 
culated, and design formulae are given. Practical viewpoints on the 
design and application of strip lines are discussed. The system can 
be used as an inexpensive base for microwave circuits and is well 
adapted both to laboratory experiments and mass production. 


LIST OF SYMBOLS 


€9 = Absolute permittivity of free space, farads/m. 
€ = Relative permittivity of dielectric in the line. 
8 = Dielectric loss angle. 
o = Conductivity, mhos/m. 
Lo = Absolute permeability of free space, henrys/m. 
é = Base of natural logarithms. 
Ao = Wavelength for transmission in free space, m. 
A = Wavelength along the line, m. 
f = Frequency, c/s. 
Z = Characteristic impedance, ohms. 
C = Capacitance per unit length of the line, farads/m. 
6 = Width of strip, m. 
2h = Distance between ground planes, m. 
d = Thickness of strip, m. 
t = Width of ground planes, m. 
E = Electric force, volts/m. 
E;, = Homogeneous electric force far from the edge of a very 
wide strip, volts/m. 
P., = Power loss per unit length of the conductors, watts/m. 
Py = Power transmitted along the line, watts. 
a, = Dielectric attenuation, dB/wavelength. 
«, = Conductor attenuation, dB/m. 
V = Potential difference between the ground planes and the 
strip, volts. 


() INTRODUCTION 

During the last few years there has been considerable interest 
in new simpler methods for manufacturing microwave circuits. 
In December, 1952, the Federal Telecommunication Laboratories 
presented an extensive report on a microwave printed-line 
system.'3 Although it is simple enough and has proved to be 
very useful for many circuits, it has the disadvantage of being 
an open system and is thus subject to some radiation. A 
shielded strip-line system was described by Barrett and Barnes,* 
but no real analysis was given. 

The double-ground-plane strip line described in the paper has 
a thin strip of copper foil placed between two sheets of low-loss 
dielectric, and the outer sides of the dielectric sheets are covered 
with conducting planes. 

The following analysis provides a theory for the double- 
ground-plane strip line similar to that given in Reference 2. 


_ Written contributions on papers published without being read at meetings! are 
invited for consideration with a view to publication. 
Mr. Dahlman is with Svenska A.B. Tradlés Telegrafi, Sweden. 
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(2) TRANSMISSION CHARACTERISTICS OF THE DO 
GROUND-PLANE STRIP LINE 


Interest is mainly centred on the phase wavelength, charac 
teristic impedance and attenuation of the strip line. 


(2.1) Phase Wavelength 


A cross-section of the line is shown in Fig. 1. Since the 
electric field does not extend outside the dielectric, the funda- 


mental will be a pure TEM mode. The phase wavelength in the _ 
strip line is then 1/./e times the free-space wavelength, where € 
is the dielectric constant of the material in the line: 


d — Aaly/ et Scarlet > Sal 


(2.2) Characteristic Impedance 
For a TEM mode the characteristic impedance, Zo, is given by 


Zo = V(uen IC (2) 


where C is the capacitance per unit length. This capacitance is 
most easily calculated by the conformal mapping method. 

An infinitely thin strip is assumed. As the subsequent analysis 
will show, the electric strength between the strip and the con- 
ducting planes is very nearly equal to the homogeneous electric 
strength between two parallel conducting planes of infinite 
width with the same potential difference and the same spacing, 
except very close to the strip edges. We can therefore, to a 
good approximation, calculate the field at the edge of the strip 
by assuming that the strip extends to infinity in one direction. 


C3) 


Fig. 2.—The actual strip and the approximation. 


Figs. 2(@) and 2(4) show the actual strip and the approximation. 
The co-ordinate axes of a rectangular co-ordinate system in the 
z-plane are shown in Fig. 2(6). 

By means of the transformation 
G) 


2h 5 ; 
z = —_ log 2, 4 = eee 


he strip is transformed to the x,-axis from x, = 1 to x, =0oo in 
he z,-plane and' the ground planes to the y,-axis. 

The z,-plane is shown in Fig. 3. The field in the z,-plane is 
riven in several textbooks, the lines of force being ellipses, but 
(0 get a better idea of the problem we shall make one more 
ransformation. This will prove to be useful later in the calcula- 
‘ion of the attenuation. 


Fig. 3.—The double-ground-plane strip line transformed to the 
2z;-plane. 


| 


The transformation 
(4) 


transforms the strip to the v-axis and the ground planes to the 
line u = 7/2 in the w-plane. 


Z; = COSw w=u+jv. 


Fig. 4.—The double-ground-plane strip line transformed to the 
w-plane. 


The centre line of the actual strip corresponds to the point 
(6/2, 0) in the z-plane and to 


W, =U, + jr, 


in the w-plane. w, is given by eqns, (3) and (4). 


u,=0 

54 (5) 
v, = + arc cosh e7/4h 

_ The capacitance per unit length between the v-axis and the 
ine u = 7/2 from v = — |v,| to v = |v,| is 


arc cosh ¢7/4h 
Pete sy 4 
7 


(6) 


C = €€9 


As this represents the capacitance of half of the strip, the 
impedance given by eqn. (2) is 


arc cosh e7/4h 
Zo = V(Uo<€o)/8 X €€g ——_—_ 


7 


(7) 


In Fig. 5, Zp is plotted against h/b. An approximate expression 
or the impedance of a strip of finite thickness d can easily be 
y»btained by assuming that the image of the strip in the w-plane 
s the line u = Au (see Fig. 6). The image of this contour in 
he z-plane is shown in Fig. 7. The assumption will be made 
hat d<h. The equation for the strip contour in the z-plane 
siven by eqns. (3) and (4) is then 


y= (S) xd em (8) 
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Fig. 5.—Characteristic impedance of double-ground-plane strip line. 
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Fig. 6.—Image of strip of finite thickness. 


Fig. 7.—Strip of finite thickness. 
and the value of Au is 
(9) 


For thin strips the approximation for the actual strip cross- 
section obtained in this way is probably as good as any. To 
get the impedance of a strip of finite thickness we should multiply 
the value of the impedance obtained from eqn. (7) and Fig. 5 by 
a factor 


(10) 


The approximation entailed in assuming that the strip extends 
to infinity in one direction will next be checked. If the electric 
field in the w-plane is E(w) the field in the z-plane is given by 


E(z) = E(w) X dwfdz . (11) 
where the bar indicates the complex conjugate. 
Thus, using eqns. (3) and (4), 
Pee aye alc ca eC) = Bcd) a ee (12) 
dz Qhr/(e—7hI= — 1) 


The ratio between the actual field strength at the surface of 
the strip and the homogeneous field strength far from the edge 
is plotted in Fig. 8. It is thus obvious that for b/h > 1-5 the 
approximation is accurate to within a few per cent. Even for a 
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_ Fig. 8.—Variation of the electric field across 
ratio of b : h as low as unity, the value of Z) given in eqn. (7) 
and Fig. 5 is only 3% bigger than the exact value calculated in 


Reference 11. 


0-75 10 


thejstrip. 


a ee 


(2.3) Attenuation 


The attenuation is due to dielectric losses and losses in the 
conductors. For TEM-mode propagation the attenuation due 
to dielectric losses is given by the following expression: 


On é 
&, = 20'X ienia & 27-28 decibels per wavelength (13) 
The conductor losses per unit length of the line are 
ldw 
P= k||E@/2|a2| = Kflz(e) 9 te ee 
where = A ist ) “ae (15) 
Ge 2° 


The integral should be taken along the conductor contours in 
the z- or w-plane. The approximation for an actual strip of 
thickness d is used as described in the previous Section and shown 
in Fig. 8. The integration is made in Appendix 7.1. 


4V2k;b 2 4h 
= Sate om hy xC! 
Sdagh G a) Oo 
The power transmitted along the line is 
y2 


The attenuation per unit length due to conductor losses is 
10 P,  80Z kb | 2 4h 
oF tog 101 Bp 53h G Diqiee =) 


The value of k obtained from eqn. (15) is substituted in eqn. (17) 
and we obtain 


(17) 


o ere? 4h 
ten) 7a h = 0 082Z)ve(; + log —) 
Eqn. (18) is illustrated in Fig. 9. 


A 50-ohm strip line with polystyrene dielectric at a frequency 
of 3000 Mc/s is considered: 


&q = 27-2 X 0-001 = 0-027 dB/wavelength 
A = 10/\/2:5 ~ 6:3cm 
If the conductor losses are to be smaller than the dielectric losses, 
a, < 0-027/0:063 = 0:43 dB/m 


(18) 


o 
go se 


hlb = 0-65, bjh = 1-55 
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d/h 
Fig. 9.—Attenuation due to conductor losses. 


If we choose h= 2mm 


ot.,/—— X h = 25dB/m 


Seeg 
djh = 0-03 
d= 0-06mm 


(3) PRACTICAL VIEWPOINTS ON THE DESIGN AND 
APPLICATION OF STRIP-LINE SYSTEMS 


(3.1) Dimensions 


Various factors such as impedance, the maximum permissible 
attenuation, power-handling capacity and available space deter- 
mine the practical dimensions of strip-line systems. 


1 
‘ 


In them}! 
previous Section, impedance and attenuation characteristics were | 
considered. The power-handling capacity is determined by the | 
power dissipation allowed in the line, and by the electric strength 
of the insulation. 

The power dissipation per unit length of the line is 


log 10 
10 
where P, is the transmitted power and « is the total attenuation 
in decibels per unit length [see eqns. (13) and (18)]. ; 


The strongest electric field occurs at the strip edges. The 
position of the strip edge in the z-plane (see Fig. 8) is | 


70: | 


P, = Pre = 0-23 x P;a watts per unit length (19) 9) 


which corresponds to the point (Au, 0) in the w-plane. From ! 
eqn. (12) the electric field at the edge is then 
) DE e of 5 (20) 


max 7 d 


Even though the calculations made so far are based on the 
assumption of ground planes with infinite extension, the results 
are valid with good approximation even for finite ground planes, 
so long as the electric field at the edge of the planes is small — 
compared with the homogeneous field between the ground planes _ 
and the strip. The variation of the electric field across the | 
ground planes, given by eqn. (12), is shown in Fig. 10. : 

A ground-plane width of ‘ 

=b+4h 


is adequate for most purposes. 


(3.2) Manufacturing Methods 


Double-ground-plane strip-line systems can be manufactured — 
by methods similar to those used in the technique described in ~ 


j 


q 
a 
i 
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‘eferences 1 and 5. For mass production the best method so 
ar found is a process by which the strip configuration is printed 

mone side of a copperclad dielectric sheet. The excess material 
is removed by an etching process. An unclad dielectric sheet of 
the same thickness is then laid on top of the strip and the sand- 

ich is placed between two suitable ground-plane conductors. 
{f one of the dielectric sheets is clad on both sides and the other 
on one side the copper skins may serve as ground planes. 
For laboratory use a convenient way of making strip-line 
mponents is to cut out the desired strip configuration in copper 
il and place it between two dielectric sheets. 


(3.3) Suitable Dielectrics 


Low-loss copperclad dielectrics are commercially available. 
For laboratory purposes unclad polystyrene and Teflon sheets 
are often practicable. 


(3.4) Advantages of Strip-Line Systems 


Microwave circuits in the conventional waveguide and coaxial 
systems are often mechanically complicated and rather expensive. 
This is especially true of networks with more than four terminals 
—the costs rise very rapidly with the number of terminals. For 
such types of circuits the strip-line technique can be used to reduce 
the costs considerably. Ina practical example, Fig. 11 shows a 


Fig. 11.—An antenna feeder system in a strip line. 


feeder system for a certain antenna. The whole system involving 
50/25-ohm tapers, right-angle bends, tee junctions and an adaptor 
to a type-N female connector is matched throughout at about 
3000 Mc/s. The dielectric is 2mm thick polystyrene, which 
gives an attenuation of about 0:03dB per wavelength. The 
strip is 0:04mm thick copper foil, which gives a conductor 
attenuation of about 0-5dB/m. The whole system has an 
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attenuation of about 0:3dB. If the circuit were to be con- 
structed in a coaxial system the circuit configuration would 
probably be cut out in two solid metal blocks with a milling 
machine. The two blocks put together would make the outer 
conductor. The inner conductor would have to be supported 
by some dielectric supports which should be compensated. The 
long tapers which are easily made in the strip system would 
probably have to be substituted by transformers. An attempt 
has been made to estimate the production costs for the two 
systems. The comparison is given in Table 1. 


Table 1 


Price per unit 


Number of units 


Coaxial line Strip line 


£15 £2 
£5 15s. 
10s. 2s. 


The costs for the strip-line units should be 10-20% of those of 
the coaxial units. 


(4) CONCLUSIONS 


The double-ground-plane strip line is a useful complement to 
the conventional waveguide and coaxial systems and to other 
types of strip lines. Complicated networks can be built in this 
system at much lower cost than in the more conventional wave- 
guide and coaxial systems and they do not have the disadvantages 
of unshielded systems. 
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(7) APPENDIX 
(7.1) Evaluation of the Integral of Eqn. (14) 


Integration is carried out along the conductor contours in the 
w-plane. 


2 
|E(@)| ~ cid 


where V is the amplitude of the voltage between the strip and the 
ground planes. 

dw 
dz 


= “|cot «| 


If the integral is taken along the conductor image lines from 
2i— 00) — v, we obtain one-fourth of the total losses. 


(7.1.1) Losses in the Ground Planes. 
Integration is carried out along u = 7/2 


|cot w| = |tanh o| 
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V22bk 
Poy ak tanh vdv = me 
v, is given by eqn. (5). 
(7.1.2) Losses in the Strip. 
Integration is carried out along u = Au 
1 
loot col =" 7c eee 
(@) » = 0 ——nAu Baie 
ar ee 8V2k neon 
ae |, VIGo? + om vr eam eT 
(d) pS nXu v, 
22 chy 
= kK 
Peay = 4 tanh v 
nAu 
8V 2k smb 
= a ee 1—logn — log Au) 


v, given by eqn. (5). 
’ The sum of eqns. (19), (20) and (21) is 
4V2k 7b 2 4h 
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SUMMARY 


_ An account is given of the development and standardization of 
vayeguides, couplings and adaptors for microwave equipment. Whilst 
lese items were primarily intended for use in Service electronic equip- 
nent, they have proved to be of considerable use in commercial 
jpplications. The appropriate sizes of waveguide to cover the whole 
hicrowave spectrum are discussed, and reasons are given for the 
tandards chosen. The final specifications are the result of much 
aterchange of information amongst users of equipment in this field, 
iot only in this country but in others. A Section on the finishing and 
yackaging of waveguide parts is included. 


(1) GENERAL REQUIREMENTS 
(1.1) Microwave Spectrum 


/ Waveguides are used for equipment operated in the micro- 
Vave part of the spectrum which can be considered to extend 
tom 60cm to 1mm wavelength (frequencies from 500 Mc/s to 
00 Ge/s). In the early period of work in this field the main 
ipplications were on a few selected wavelengths, but in recent 
ears these have extended to new wavebands and also to milli- 
netre wavelengths. Thus when standard sizes of waveguide 
vere being considered it was necessary to choose a compre- 
lensive range which would adequately cover this part of the 
pectrum. 

The choice of particular sizes was governed by a number of 
echnical factors which are discussed in later Sections. Other 
onsiderations were the desirability of retaining as many as 
yossible of existing waveguides and the allocation of frequency 
ands to certain uses—such as the 1 750-2 300Mc/s, 3 900- 
-200 Mc/s and 5 925-8 500 Mc/s bands for civil communica- 
ion and radio links.1 At millimetre wavelengths there are a 
umber of regions of high attenuation in the atmosphere which, 
vith the intervening ‘‘windows,”’ have a bearing on the wave- 
engths actually employed. 


(1.2) Bandwidth 


The total number of waveguide types required to cover the 
pectrum depends on the bandwidth of transmission, and it is 
yell known. that this is limited at the short-wavelength end by 
ither free propagation or insufficient attenuation of higher- 
rder modes, and at the long-wavelength end by increasing 
ttenuation and ultimately complete cut-off. Thus a rectangular 
javeguide transmitting the dominant Ho, (TE ,) mode has a 
andwidth of about 65%, a cylindrical waveguide with the 
1,, (TE;;) mode a width of 25% and with the Eo, (TMo,) mode 

width of 22%, all approximately centred on a nominal wave- 
ngth of two-thirds the cut-off value. These ideal bandwidths 
re reduced in practice by higher-mode interference, and varia- 
ons in guide wavelength, impedance and coupling factors. 
he bandwidth can be increased, however, by using complicated 
ystems which are partly coaxial lines or by the adoption of 
sctions of ridge and dumbbell shapes or with large width/depth 
atio. Such considerations of bandwidth also apply to items 
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made partly from waveguide structures such as magnetrons, 
klystrons, gas switches and aerial systems. 


(1.3) Scaling of Designs 


It is evident that much development and design effort would 
be saved if the dimensions of the standard waveguides were 
directly proportional to their operating wavelengths. Sets of 
theoretical and experimental data, such as those relating to 
aerial arrays, rotating joints, directional couplers and wave- 
guide-coaxial transformers could then be applied from one size 
to another by simple calculation. 

Complete scaling of design cannot always be used, since it 
applies only partially in such cases as crystal-rectifier contacts, 
cathode emission, properties of materials and power supplies. 
Moreover, large changes in the dimensions require different 
manufacturing techniques and operational requirements which 
would be reflected in design. Nevertheless, the principle of 
scaling was an important factor in considering a range of standard 
waveguides. 

(1.4) Types of Waveguide 


Waveguides serve a variety of functions, and a standard type 
must be a compromise between varying requirements. Guides 
of circular section are easy to make, but since the polarization 
of the dominant mode is not unique, they are used only in special 
cases where circularly polarized waves, or more than one plane 
polarized wave, have to be propagated or with Ho, (TEo,) 
excitation where low attenuation is essential. Waveguides of 
elliptical section or with semi-circular narrow sides, in which 
the polarization is defined, are difficult to manufacture. 

Where only low powers are used, as in receiving and continuous- 
wave transmission systems and in test equipment, a compact 
waveguide is required. This is sometimes achieved by filling 
the interior with a dielectric such as polystyrene loaded with 
titanium dioxide which can have a dielectric constant in the 
range 2:5-10 with a loss tangent of 0:001. Other types of 
microwave transmission systems include strip lines,? in which 
the guide takes the form of strips of metal foil separated by a 
dielectric sheet and guiding surfaces.* 

These transmission systems are regarded as special, and for 
general purposes rectangular waveguides using the Hg, (TEo,) 
mode are nearly always used. In the first instance, it is only this 
type for which standard sizes have been proposed. Simple 
theory? indicates that the width/wavelength ratio should lie 
between 0-5 : 1 and 1 : 1 and the depth/wavelength ratio should 
be less than 0:5: 1, but the practical values to be adopted 
depend upon the technical factors discussed in Section 2. 


(2) RECTANGULAR WAVEGUIDES 
(2.1) Optimum Shape and Size 


(2.1.1) Power Handling and Attenuation. 

The power-handling capacity of a waveguide depends°> on 
the cross-sectional dimensions as well as on the breakdown 
strength of air which, for atmospheric pressure at microwave- 
lengths, is° about 30kV/cm. The net power carried when a 
mismatched load is present is reduced by a factor S, where 
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SS (>1) is the voltage-standing-wave ratio. It is also reduced 
by surface irregularities, projections and junctions and varies 
with electrical parameters such as initial ionization, pulse width 
and repetition rate. A safety factor of about four in power is 
normally allowed to cover these points. The power handling 
can be increased’ by filling the waveguide with gases such as 
sulphur hexafluoride and Arcton, or by increasing the pressure, 
since the power varies at rather less than the square of the 
pressure. 

The attenuation factor due to ohmic losses, at a given wave- 
length, varies approximately inversely as the guide perimeter.® 
The actual losses are increased in the presence of a standing wave 
by a factor which is 2(1 + S”)/( +S)? for constant power out- 
put from the generator and (1 + S”)/2.S for constant power 
input to the load. Internal surface roughness?—!! increases the 
attenuation factor, and it is necessary to restrict this increase 
to about 20% by specifying!2 a surface finish of about one-half 
the skin depth. Typical finishes range from 5 microinches for a 
silver guide at 3mm wavelength to 50 microinches for an alu- 
minium guide at 25cm wavelength. 


(2.1.2) Phase Velocity and Impedance. 


The phase velocity in a waveguide is greater than that in free 
space, and it tends to infinity as the operating wavelength 
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of frequency splitting!? occurring under certain conditions whi 
a self-oscillator feeds into a mismatched load at the end of 
long transmission line. It is also a disadvantage when tw 
susceptances, such as those of a load and its matching iris, a 
spaced apart and require cancellation over a band of wavelengths, 

When waveguides are coupled together, as in T-junctions, 
is desirable that the coupling factor!4 should be as large 
practicable, and this usually necessitates a guide of small 
depth/wavelength ratio. Such a shallow waveguide is also pre- 
ferred in applications such as linear arrays!> in which radiating 
slots are machined in the guide walls. Broad-band matching 
usually requires that the characteristic impedance be not unduly 
frequency sensitive. These factors mean that the operating 
wavelength must not be too near cut-off. } 


(2.2) Manufacture \ 


It is evident that standard waveguides must be capable of — 
accurate and economic manufacture. In sections greater than | 
0:100in x 0:050in, waveguides are made by drawing through 
dies. Practical wall thicknesses and dimensional tolerances” 
range from 0:040in and 0-001in respectively for this size, up — 
to 0:125in and 0-00Sin for a section of 6-5in X 3:25in. The 
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Fig. 1.—Operating ranges of serial rectangular waveguides. 
The nominal wavelength is two-thirds the cut-off wavelength. 


The waveguide dimensions shown are all internal. 
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Table 1 


TECHNICAL DATA FOR STANDARD RECTANGULAR WAVEGUIDES 


materials used include copper, brass, silver, occasionally steel, 
and—in the larger sizes—aluminium. Bimetal waveguides 
consisting of a brass exterior and a silver lining 0:00Sin thick 
‘are sometimes used. A small radius is allowed on the internal 
and external corners to give a reasonable life to the drawing 
dies, while limits are laid down!®!7 for the maximum eccen- 
‘tricity of the internal and external rectangles as well as for 
permissible bow and twist. 

_ In sizes smaller than 0-280in x 0-140in precision waveguides 
made by electroforming!® have come into use, especially where 
high accuracy of section is required. The external surface is 
machined cylindrical to simplify the fitting of flanges and give a 
rigid section. 

(2.3) Serial Waveguides 
A scheme of serial waveguides covering the microwave 
spectrum and based on the arguments discussed above was put 
forward!7 by the author in 1948, and it has since come into 
general use. The bandwidth chosen is +10% of the nominal 
‘wavelength and the guides fall into two interlocking series 

shown in Fig. 1. One waveguide can be scaled to another by a 
line at 45° to the axis, some allowance being made for the 
varying width/depth ratios caused by the necessity of retaining 
existing waveguides. 

_ These standard guides have been numbered, and in view of 
their widespread use their dimensions, cut-off and operating 
wavelengths (and frequencies), attenuation and power-handling 
capacity (including safety factor) are given in Table 1. A few 
of these guides are illustrated in Fig. 2. 
| 


erate Inside rectangle Recommended operating range 
‘| _ serial Cut-off, fundamental mode Attenuation Power rating 
| number Width Depth Frequency Wavelength 
in in Gc/s cm Ge/s cm dB/100ft kW 
|| WG 1 18-000 9-000 0:327 91-5 0:41-0:61 73-2-48:-8 0:0334 103 300 
WG 2 15-000 7-500 0-393 76:3 0:51-0:75 60-0-40-0 00-0438 71 800 
WG 3 11-500 577/50 0-517 58-2 0:61-0:96 48 -8-31-+2 0-0614 45 900 
WG 4 9-750 4-875 0-590 50:8 0-75-1-12 40-0-26-7 0-0807 31 870 
WG 5 7-700 3-850 0-765 392 0-96-1°45 | 31-2-20:7 0-120 18 890 
|| WG 6 6-500 3-250 0-908 33-04 1-12-1-70 26-7-17:-7 0-154 13 470 
| WG7 5-100 2-550 1-154 25-96 1-45-2-20 20-7-13:6 | 0-222 8 290 
WG 8 4-300 2-150 18718} 21-82 1:70-2:60 17-7-11-5 0-286 5 900 
WG 9 3-500 1/510) 1-686 17-80 2:20-3:30 13-6-9-10 0-390 3,910 
U.S.A. 3-400 1-700 1-733 17-30 2:20-3:30 13-6-9-10 0-400 3 800 
| WG 10 2-840 1-340 2-080 14-42 2:60-3:95 11:5-7-60 0:555 2 430 
WG 11 2°372 TAZ: 2-485 12:06 3-30-4-90 9:10-6:12 0-726 1 690 
U.S.A. 2-290 1-145 2 S710) 11-70 3:30-4:90 9-10-6-12 0-750 1 600 
WG 12 1-872 0-872 BES 9-51 3-95—-5-85 7:60-5:13 1-047 1 040 
WG 13 1-590 0-795 3-710 8-08 4:90-7:05 6-12-4-25 1-259 806 
WG 14 1-372 0-622 4-285 7-00 5-85-8-20 5:13-3:66 1-700 544 
WG 15 Wag yns 0-497 5-260 Seg) 7:05-10-0 4-25-3-00 2:338 B55 
WG 16 0-900 0-400 6°56 4-57 8-20-12-4 3:66-2:42 3-24 229 
WG 17 0-750 0:375 7°87 3°81 10:0-15-0 3-00-2-00 3-92 
WG 18 0-622 O31 9-49 SG 12:4-18-0 2:42-1:67 Sei 
WG 19 0-510 0-255 IIS 7 2°592 15-0-22-0 2-00-1 - 36 7:00 
WG 20 0-420 0-170 14-08 2135 18-:0-26:°5 1-67-1-13 10-9 
WG 21 0-340 - 0-170 17-37 1-729 22-0-33-0 1:36-0:91 12:8 
WG 22 0-280 0-140 21-10 1-423 26:5-40:0 1:13-0:75 aS 
WG 23 0-224 Oet12:. 26-35 1-138 33-0-50-0 0:91-0:60 | 24-0 
WG 24 0-188 0-094 31-4 0-956 40:0-60-0 0:75-0:50 Siis3 
WG 25 0:148 0-074 39-9 0-752 50:0-75-0 0:60-0:40 44-7 
WG 26 0-122 0-061 48-4 0-620 60-0-90-0 0-50-0-33 | Soi 
WG 27 0-100 0-050 59-0 0-508 75:0-110 0:40-0:27 80:7 
WG 28 0-0800 0-0400 73°8 0-406 90-0-140 0:33-0:22 113 
WG 29 0-0650 0:0325 90-9 0-330 110-170 0:27-0:18 154 
WG 30 0-0510 0-0255 St 8 0-259 140-220 0:22-0:14 225 
WG 31 0-0430 0-0215 137-5: 0-218 170-260 0:18-0:12 286 
WG 32 0-0340 0-0170 1733 0-173 220-325 0:14-0:09 405 


Fig. 2.—Examples of rectangular waveguides. 


oO WG 6 (internal dimensions 6:500in x 3-250in). 
2) WG 16 (0-900in x 0-400in). 
(3) WG 24 (0-188in x 0-094in). 
(4) WG 28 (0-980in x 0-040in). 


Similar schemes have also been proposed in other countries, 
one being based on two series!? and another on three series,29 
and they have been of assistance in obtaining international 
agreement?!» 22 on waveguide standards. 
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(3) WAVEGUIDE COUPLINGS 
(3.1) General Design 


A waveguide coupling is necessary to hold and align wave- 
guides and consists basically of two flanges, the mating faces of 
which are flat, smooth and square with the waveguide axis. 
Satisfactory Service performance also requires that the flanges 
be identical and symmetrical while there should be no possibility 
of incorrect orientation. The coupling should be such that any 
component can be withdrawn laterally from a waveguide system, 
and provision should be made for sealing the joint against 
moisture and pressure changes and for preventing power leakage 
at levels sufficient to cause interference with nearby receivers. 
The coupling should be capable of use alternatively as a plain 
contact-shim or choke type, and no loose parts should be present 
when the flange is initially assembled on its guide. 

As an illustration of the dimensional accuracy required, 
measurements with a lateral misalignment of 2° of the corre- 
sponding internal guide dimension, or a rotation of 4°, show a 
voltage standing-wave ratio (v.s.w.r.) of about 1-005 (0-045 dB*) 
owing to the susceptance of the discontinuities. If the linear 
dimensions of the mating guides differed by 0:5% the reflec- 
tion due to the susceptance of the junction and the change in 
characteristic impedance would again show a v.s.w.r. of about 
1-005 (0-045dB). Imperfect joints result in contact resistance 
which produces a small reflection as well as attenuation. The 
radio-frequency currents in rectangular waveguides propagating 
the Ho; (TEo,) mode flow longitudinally along the wide faces 
only, and thus it is important that the standard couplings ensure 
that the best possible electrical contact is made at these points. 


(3.2) Contact-Shim and Choke Types of Coupling 


Practical couplings require a v.s.w.r. preferably about 1-002 
(0-018dB), and the corresponding accuracy of alignment is 
difficult to achieve under Service conditions. A junction less 
sensitive to small misalignment and imperfections in the mating 
flanges employs a shim made of soft material, such as aluminium, 
or a copper-asbestos gasket. In unpublished work at A.S.R.E., 
an experimental shim for semi-permanent installations has a 
0-002 in coating of indium—a soft material which, on clamping, 
cold-welds to form a good electrical joint. 

Another type of shim has a number of spring fingers either 
twisted or set in opposite directions so that, when the flanges 
mate, electrical connection is made between the waveguide 
walls. These shims are not frequency sensitive, and one for 
WG 11+ waveguide was found to have a v.s.w.r. of 1-002 
(0-018 dB) over the whole operating wavelength range. 

Radio-frequency chokes are another means of making an 
electrical junction, and although many types have been investi- 
gated?3 they usually take the form shown in Fig. 3(a) of a coaxial 
channel or ditch, of depth one-quarter wavelength, spaced 
radially from the guide walls by an effective quarter-wavelength. 
Such systems would have a v.s.w.r. not worse than 1-005 (0:04 dB) 
over a 5% bandwidth. This bandwidth can be improved by 
making the radial portion of low impedance and the coaxial 
portion of high impedance, and with a certain empirical choice 
of dimensions the v.s.w.r. is not worse than 1-02 (0:18 dB) over 
20%. Choke junctions are convenient when frequent dis- 
mantling is necessary. The preferred arrangement in equip- 
ments is to have the plain flange on the generator, then alter- 
natively choke and plain, ending with a choke flange on the 
load. 

With choke systems, misalignment of the waveguide cross- 

* The voltage standing-wave ratios mentioned in the paper are defined as greater 
than unity. Since they are mostly rather small the decibel ratio is given ag an 


alternative. 
t For convenience the type numbers only of the guides given in Table 1 are quoted. 
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Fig. 3.—Position of the electric field in the waveguide and choke 


system, 


(a) With normal excitation. 

(6) With one orientation of the resonant mode. 

(c) With the other orientation of the resonant mode. 
(d) Directions of misalignment (see text). 


The misalignments shown are greatly exaggerated and that in any given direction 
produces a mixture of both resonant modes. The broken circles in (a) represent meta 
slugs which are sometimes used to shift the resonant wavelength. 


sections tend to cause resonances, the Q-factor of which may 
be as high as 500. Probe measurements and observation 0} 
arcing show that the second-order mode, with four maxima 
around the choke periphery, can be excited with the two ~ 


polarizations shown in Figs. 3(b) and 3(c). For example, a choke ~ 


coupling for WG 10 waveguide designed for a 5% band centred 


on 10cm wavelength was found to have a v.s.w.r. as large as 10 — 


at 10-75cm and 10:88cm wavelength when assembled with 
exaggerated H-plane [see Fig. 3(d)] misalignments of 4;in and 
4in respectively. : 

A choke for WG 11 waveguide designed for operation from 


6-12 to 9:10cm wavelength gave resonances™* corresponding to 
Figs. 3(b) and 3(c) of 8:53 and 8-46cm respectively. By the 
insertion of metal plugs as shown in Fig. 3(a) the former 
resonance was eliminated while the latter was shifted to 7-37cm_ 
wavelength. Some assistance can be obtained by the use of 
lossy materials positioned so as to damp these unwanted modes, ~ 


while the alignment and location of the standard couplings is — 


made as accurate as possible. 


(3.3) Methods of Sealing 


To maintain correct internal pressure and to exclude dirt and — 
moisture the flanges of all standard couplings are provided with — 
grooves for sealing gaskets. The sealing of high-power equip- 
ment operating at high altitudes must be adequate at differential — 
test pressures of 50lb/in? over a range of temperature from — 
—50°C to +70°C, while the gasket material must also be proof — 
against attack by oils, mould growth and insects.?5 

These gaskets are of two distinct types. The first, of round — 
section, is made of a material which is capable of distortion 
but not of compression, and is shown in the coupling illustrated 
in Fig. 4. The rectangular groove is dimensioned so that, under — 
any condition of tolerances, the gasket is proud by about 15% — 


of its diameter, and on clamping so that the flanges are in full — 


metallic contact, a clearance volume of about 10% remains. 
The gasket material must not be such as to acquire a permanent 


Fig. 4.—Square bolted flange coupling. 


| The example illustrated employs a broad-band choke flange which is r- cessed to 
ake the waveguide. 


b) Plain flange. 
c) Gaskets. 

(d) Fitted bolt. 
(e) Locking nut. 


® Choke flange. 


jet; synthetic rubbers such as Neoprene to Ministry of Supply 
ipecification No. CS2451 are generally used. For operation at 
jemperatures below —30°C natural rubbers to Specifications 


°S2506 and CS2507, which remain flexible down to — 50°C, are 


ee considered. When coated with a low-vapour-pressure 
ease these gaskets have been found satisfactory in continuously- 
‘evacuated microwave equipment. 
_ The second type of gasket, of flat rectangular section, is made 
‘of a compressible material, and is shown in Fig. 5. The gasket 
as a thickness about 50% more than the groove depth, and on 
clamping is compressed to form a seal. After much initial 
‘testing a cork-natural-rubber composition, which remains 
flexible down to —50°C, was chosen as a suitable material. 
t has a Shore hardness factor of 70, and damage by oil and 
insects is reduced by the protection of the groove walls, and that 
due to mould growth, by impregnation with a fungicide.*® 


( 


(3.4) Fitting and Clamping Arrangements 


As a method of fitting coupling flanges to waveguides the 
jsimple butt joint has not come into general use. Improved 
strength and alignment can be obtained by a socket fitting in 
which the flange has a recessed portion to take the waveguide. 
A choke flange of this type is shown in Fig. 4, the corresponding 
plain flange having a through type of fitting. The latter method 
is used where possible, although care has to be taken in assembly 
to prevent damage to the mating face of the flange. Yet another 
fitting is shown in Fig. 6, in which the flange has a cylindrical 
hole to accept precision electroformed waveguide. 

Voi. 102, Part B. 
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The standard flanges are designed for medium-temperature 
brazing such as by the Easiflo process to give a joint which is 
strong and fatigue resistant. For millimetre-wavelength sizes, 
lightly stressed components supported inside equipment, and for 
accurate test-gear soft solders are desirable to avoid the dis- 
tortion caused by high temperatures. 

The design of flanges in aluminium and similar light materials 
has presented difficulty, since existing methods of attachment are 
not entirely satisfactory. In one method the areas of contact 
are electroplated with capper and then joined with soft solder. 
Such a joint would rapidly fail under humid or salt-spray con- 
ditions, but one sample, after coating with Araldite?’ resin, 
cured at 130°C for 7 hours, passed satisfactorily all the relevant 
tests of Specification K114.28 This resin can also be used as a 
jointing adhesive provided that some mechanical pinning is 
incorporated to give added strength. Various forms of 
vibratory soldering irons?? can be used to detach the oxide film 
which forms on aluminium to enable tinning and subsequent soft 
soldering to take place. 

A number of proprietary aluminium soft-solders have been 
tried, one product with a working temperature of 200°C showing 
slight corrosion after humidity testing, while another, working at 


Fig. 5.— Rectangular bolted flange coupling. 


The example illustrated uses a spring-finger contact shim. 
| (a) Plain flange. 
i (b) Gasket. 
| (c) Contact shim. 
2 (d) Fitted bolt. 
{ (e) Locking nut. 


450°C, gave a better performance. The combination of metals 
present in these medium-temperature processes tends to cause 
corrosion and prevent anodizing, although protection can again 
be given by Araldite. 

Stronger and more reliable joints can be made by methods 
using pure metals and non-corrosive fluxes. In dip brazing the 
parts, which must be almost pure aluminium, are jigged with a 


(e) 


(c) 


HS 


MG 
peer 


(d) 


Fig. 6.—Screwed ring coupling. 
The example illustrated has plain lapped faces and is for use with WG 22 precision 
waveguide. 
(a) Plain flange. 
(b) Gasket. 
(c) Nut ring. 
(d) Locating ring. 
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filler material containing an alloy rich in aluminium. The 
assembly is then immersed in a mixture of salts which acts as a 
flux and raises the temperature to a point in excess of the melting 
point of the filler but below that of the aluminium. A flame- 
brazing method works at a temperature of 580°C, but since 
this is only some 40°C below the melting point of aluminium 
the operation is a skilled one. Joints made by these and also 
argon-arc methods can, after anodizing, withstand satisfactorily 
the tests of Specification K114. Standard couplings are made 
from grades of aluminium suitable for use with these processes. 

A simple but satisfactory means of holding and aligning wave- 
guide flanges is by close-tolerance bolts fitting in accurately 
bored and positioned holes. Self-locking nuts are used, and to 
conform with international standards the new unified thread 
system30-32 is used. The coupling illustrated in Fig. 4.is suitable 
for either plain or choke-type connection for waveguides WG 10 
to WG 20 and is sealed by round-section gaskets. Plain rect- 
angular flanges are more suitable with larger waveguides, and 
such an arrangement, using a flat-section gasket and contact 
shim, is shown in Fig. 5. In this coupling the highest accuracy 
of alignment is ensured by drilling two of the flange holes after 
assembly by means of a jig located from inside the waveguide. 

When the coupling has to be frequently disengaged the more 
convenient form of clamping shown in Fig. 6 is employed, in 
which lateral and angular alignment of the flanges is provided 
by a keyed cylindrical sleeve. The flanges are provided with 
auxiliary flats so that after assembly on the guide the clamping- 
ring nut can be slipped over them. 


(4) ADAPTORS 

Adaptors are required to connect flanges of different type or 
design, such as those of a different country.33 When the mating 
flanges incorporate chokes their series reactances are made to 
cancel by making the electrical length of the adaptor an odd 
number of quarter-wavelengths. Such an adaptor on guide 
WG I! using broad-band chokes was found to have v.s.w.r.’s 
of 1-019 (0-171 dB), 1-012 (0-108 dB), 1-010 (0-090 dB) and 


S 


Fig. 7.—Conversion adaptor. 


The example illustrated is made in one piece from light-alloy material and connects 
together WG 15 and WG 16 waveguides, The electrical length of the taper section is 
one-half wavelength and that between the choke flanges is one wavelength. 
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1-012 (0-108 dB) at 9-38, 8-83, 8:33 and 8-22cm waveleng 
respectively. \ 

Another adaptor would intorporate an impedance-matchin 
section, such as a half-wavelength taper, to couple waveguides 
different section. The mean guide wavelength in such a tape 
is empirically equal to one-sixth of the wavelength in a guic 
with dimensions equal to the input section, plus two-thirds oa 
that of the section half-way along, plus one-sixth of that of th 
output section. 

Adaptors in the larger sizes are made by brazing flanges t 
the appropriate length of guide, while those in the smaller size 
are more suitably constructed by electroforming techniques," 
the flanges, in some cases, being separately made and solderec 
on to the guide. Medium-size adaptors can be made in or 


Relevant gauge 
drawing: (g) 


te 


Fig. 8.—Typical parameters requested on the drawing of a waveguide 


part. 


(a) Material. 

(b) Dimensions with tolerances. 

(c) Surface finish. 

(d) Flatness and squareness tolerances. 

(e) Chamfers on sharp edges of mating faces. 
f) Spot facing of holes to specified dimensions. 
8 Use of gauges for mechanical inspection. 


Fig. 9.—Parts of waveguide couplings and adaptors. 


(1) Bolted choke fiange for WG 10 guide. 

(2) Bolted choke flange for WG 15 guide. 

(3) Screwed ring coupling for WG 22 guide. 

(4) Contact shim for WG 11 guide. 

(5) Flat cork-rubber gasket for WG 11 guide. 7 

(6) Round rubber gaskets for WG 10, WG 16 and WG 22 guides. 
(7) Adaptor from WG 15 to WG 16 guide. 

(8) 4in diameter fitted bolt and jocking nut. 


. piece as a simple microwave component. Suitable manufacturing 
methods would include pressure die casting, materials such as 
2 Mazak being satisfactory, provided that the zinc is pure enough 
ito give corrosion-resistant properties.*4 Light alloys present 
|difficulty but are amenable to such precision casting processes 
as lost wax and Mercast.3> The method employed for the light- 
alloy taper from WG 15 to WG 16 shown in Fig. 7 is hobbing, 
jin which a tool, machined and ground to the shape of the internal 
section required, is pressed into a metal blank and then with- 
drawn. 

| Mention might be made here of the specifications and 
‘drawings*°:37 of these couplings and adaptors in view of the 
difficulty of stating in engineering terms the manufacturing 
requirements for waveguide parts. Reliance has often to be 
‘jplaced on the acquisition of special techniques and microwave 
testing,3® but for Service components which must be produced 
economically in large quantities, held in stores and finally 
‘assembled in remote situations, such methods are impracticable. 
_ There has been much investigation of means of putting the 
‘electrical requirements into terms which can be specified on 
production drawings. Fig. 8, for example, specifies parameters 
‘such as material, dimensions and tolerances, surface finish,*? 
‘flatness and squareness tolerance,*® the provision of chamfers 
on sharp edges, spot facing of holes and the use of mechanical 
‘gauges. Some examples of these standard couplings and 
/adaptors in the final form are shown in Fig. 9. 


(5) FINISHING OF WAVEGUIDE PARTS 


(5.1) Protective Finishes 


Provided that the sealing facilities of the waveguide couplings 
) are used in conjunction with proper desiccator breathing systems, 
| the inside surfaces of waveguide equipment require only slight 
‘protection. Varnishes such as cellulose nitrate, Specification 
X17, seaplane or beeswax dissolved in benzene have been found 
satisfactory. The open ends of the waveguide system, usually 
vat the aerial, can be sealed with thin polythene tape. 
| / External finishes should be chosen to give electrolytic potential 
differences with neighbouring metals not greater*® than 0-5 volt 
| for ordinary purposes and 0-25 volt when exposure to the 
| weather and salt spray is likely. Nickel or cadmium plating 
has been found satisfactory for parts constructed from other 
| than light alloys, for which anodization is recommended. For 
small laboratory instruments, plating with 10~‘in of silver and 
| 2 x 10~-°%in of rhodium gives a hard wearing and attractive 
| finish which has good resistance to humid conditions. Corrosion 
_inhibitors*! may also have applications. 
_ The variable thickness of commercial electroplating is not 
satisfactory for closely fitting parts such as locating bolts and 
| sleeves, and these are made from corrosion-resistant alloys such 
as stainless steel, Tungum and nickel-silver. Screw threads, 
‘especially in stainless steel and light alloys, should be coated 
| before assembly with graphite grease to reduce liability to pick 
up after prolonged use. Contact shims are made of beryllium- 
copper, and throughout the standard ranges of waveguide parts 
| discussed, the design and materials have been chosen to with- 
stand the full relevant Service specification.”® 

\, 


(5.2) Packaging and Marking 


_ Special care should be taken to ensure that such precision 
items as waveguide components are packed so as to afford 
protection from damage and distortion during storage, transit 
and handling. For example, waveguide tubing for Service 


stores is packed so that each length is in a separate cleated crate 
from which the guide is removed only when required for use. 
ai 
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Large components such as flanges and adaptors can be packed 
in strong cartons, while small items such as millimetre-wave- 
length guides, fitted bolts and nuts should additionally be 
enclosed in sealed polythene bags. Waveguide test-gear is 
usually supplied by the manufacturers in fitted wooden cases, 
in which they should be replaced when not in use. 

The ends of the waveguide can be sealed with plastic inserts, 
and these are sometimes provided with extensions to protect 
the mating faces of the flanges. During investigation of sealing 
methods a 24in length of WG 16 guide, containing a small 
quantity of silica-gel desiccant and sealed with one standard 
type of moulded-polythene plug, was subjected to cycling 
between +25°C and +35°C in an atmosphere of 95% relative 
humidity. After 14 days there was only a slight loss of brilliance 
of the internal surface and an increase in weight of the desiccant, 
due to moisture absorption, of only 0-4gm. 

Care should be taken in identification marking so that no 
damage to the electrical, mechanical and sealing properties of 
the equipment occurs. Light stencil marks or transfers in 
positions fulfilling no electrical or essential mechanical function 
are permissible. Transit or packing cases should also be marked 
or labelled. 
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SUMMARY 
An examination of experimental results on corrugated surface 


__ waveguides as reported recently by Barlow and Karbowiak is carried 


out. An empirical modification to the theoretical formula for the 
surface impedance is derived which is applicable for all values of 


| surface parameters, provided that the pitch of corrugation is less than 


about one-quarter of the wavelength. 


LIST OF PRINCIPAL SYMBOLS 


Lo, €9 = Permeability and permittivity* of free space 
(in rationalized M.K.S. system of units). 

Frequency. 

2af = Angular frequency. 


Wie 


(63) 


) 
; 


Free-space propagation coefficient. 


= Free-space wavelength. 

= Surface impedance. 

= Surface reactance. 

Measured value of surface reactance. 

; = Theoretical’ value of surface reactance, 
defined by eqn. (3). 

Guide radius (outside). 

s — I = Guide radius (core). 

' Id, D =Parameters of a corrugated surface (see 

Fig. 1). 


aes 


i (1) INTRODUCTION 
In a recent paper! a series of experiments on cylindrical surface 


"waves supported by corrugated guides have been described. 


The purpose of the experiments was an empirical determination 
of the surface reactance of corrugated surfaces as a function of 
The results of the 
experiments were collected in the form of a number of graphs 
and the authors pointed out, at the time, the lack of agreement 
between the experimental results and present theories, unless 
the depth of the corrugations is substantial. 

The present paper reviews the results of the previous paper! 


_ with a view to establishing an empirical formula for the surface 
_ reactance of a corrugated surface. 


The quantity under investigation, X,, is the imaginary part 


_ of the surface impedance Z, = R, + jX,, which is defined by 


E, 


A= (1) 


‘surface of the waveguide, S) of the field vectors. With a corru- 


* Note.——The paper is a sequel to “An Experimental Investigation of the Properties 
of Corrugated Cylindrical Surface Waveguides,” by H. E. M. Barlow and A. E. 


-Karbowiak, Proceedings I.E.E., Paper No. 1625 R, May, 1954 (101, Part III, p. 182) 


in which the symbol « denoted permittivity. 

_ If the two papers are read in conjunction, therefore, it should be borne in mind 
that the symbo! « in the earlier paper has the same significance as the symbol € 
(B.S. 1991 : 1954) in the present paper. 
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gated surface (an example of an anisotropic surface) the value 
of Z, depends on the orientation of the E,-vector, and in general 


Z, = [Zs Z,] (2) 


where Z, and Z,, are the circumferential and axial “‘components”’ 
of Z,. In wnat follows the component Z,, is implied. 


(2) DISCUSSION OF PUBLISHED RESULTS PERTAINING TO 
THE SURFACE IMPEDANCE OF A CORRUGATED SURFACE 


Referring to the results published elsewhere,!' the theoretical 


formula for the surface reactance of a metal waveguide of 
proportions as indicated in Fig. 1 is given by 


d 


xX, = : 
t Z, D (3) 


4 
lot “™ 


where Z,,,, is the TEM impedance presented by the slot (which 
roe 
HHHHHER ©. 


é 
Fig. 1.—Corrugated guide. 


is in fact a short-circuited piece of radial transmission line) and 
is given by 


Yo(—jKs’)Jo(—jKs) — Jo(—/ Ks’) Yo(—jKs) 


re ; : 
Yo(—jKs’)J,(—jKs) — Jo(—jKs’) Y,(—jKs) 


slot —_ 


(4) 


JZ 


In the derivation of eqn. (3) the conductor out of which the 
waveguide is made has been assumed to be of infinite conduc- 
tivity, and furthermore eqn. (3) is only a first-order approxi- 
mation valid under the assumptions that 


D<n 

re ae oa 
It is thus not surprising that the experimental results were in 

agreement with eqn. (3) only when expressions (5) were fulfilled, 


and that an equation for the surface reactance of a corrugated 
surface for which expressions (5) are not satisfied is still required. 


and ©) 


(3) A GENERAL FORMULA 
Although the utility of eqn. (3) is restricted by the assump- 
tions in expressions (5), it is possible, using published experi- 
mental results,! to derive an empirical relation which is free of 
these restrictions, in the following manner. 
Let us postulate that the surface reactance, X,, of a corrugated 
surface is given [instead of by eqn. (3)] by 


X, = X,f(I/d) (6) 


1. [501] 
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where f(//d) is some function (as yet unknown) of //d and X, 
is given by eqn. (3). Now let X,, be the measured value of 
surface reactance. If le (6) is correct, all experimental results 
when expressed as X,,,/X, and plotted against //d would have 
to lie on a common curve [since X,,,/X, = f(//d)] no matter how 
diverse the conditions of measurements may have been. This, 
indeed, would be the function f(//d) characteristic of all corru- 
gated surfaces whose corrugations are rectangular. 

Fig. 2 is a plot of the quantity X,,,/X, using experimental 


Xm/ Xt 


wld 
Fig. 2.—X,,,/ X; as a function of //d. 


results published previously and the points shown in the Figure 
were taken at random from the experimental curves.! It is 
evident that the experimental points cluster about the curve (c); 
further, the scatter of points is totally uncorrelated and is ascribed 
principally to the experimental errors. This, then, demonstrates 
the existence of a single function, f(//d), peculiar to a corrugated 
surface whose corrugations are rectangular. 

Before elaborating on our findings it is worth examining the 
general behaviour of the f(//d) curve: for large values of its 
argument it tends towards unity, and the surface reactance is 
then given by eqn. (3) to an adequate degree of approximation 
[curve (a)]. 

It is not difficult to show analytically that the equation to 
curve (c) is given by 


f(x) =1—te—“3* — Fem* 8) I) 
Stas he 1S) ee es ee) 


Thus we conclude that the surface reactance of a corrugated 
surface whose corrugations are rectangular is given by 


X, = Xsio (Gl Dl = 46-5* — 487%) 9) 
where X,),, is given by eqn. (4). a 


where 
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Eqn. (9) is valid at any frequency and tor any proportions 
the corrugations with one provision only, namely that it d 
not apply where D, the pitch of corrugation, is compara 
with Ap. In other words, eqn. (9) cannot account for 
“‘recovery effect’? as reported by Barlow and Karbowiak [ 
Fig. 11 of their paper],! since this occurs for D > A9/3; con 
quently, eqn. (9) is applicable subject to the condition D <Ao/4. 

Incidentally, if the corrugations are very shallow [sai ra || 
1<Aj)/10] we can show—by expanding the various Be im! 
functions, occurring in eya. (4), in Taylor’s series about the © 
point (—jKs), and by retaining the first term of the respective 
expansions only—that ; 


Zio = Zokol 


= 2n(5)zZo eo a 


Similarly, if / is small we can approximate to the exponentials : 
occurring in eqn. (7) by the first two terms of their series, and” | 


we then get i}! 
y 
lL roma Dee Splie 
f(a) = [ meas 3435] 
i] ral 
is 35 ? a) [ 
e If 
Substituting eqns. (10) and (11) into eqn. (6) we get | | 
I\d,1 4 | 
X, ~ 2nZo(5- a7 (12) 
PR 
i.e. xX, = onZ0. (/ being small) 


This, then, establishes the law 
X, 0c 2 (I being small) (13) 


which has bsen shown (experimentally) to be the case [see i! 
Fig. 15 of Reference 1]. 

Passing now to the other extreme of large values of //d, we | 
have 


f(//d)->1 (being large) . (14) , 


and consequently | 
X, > Xyio(d]D) (I being large) (15) 


: 
It is of some practical interest to note that curve.(6), whose — 
equation is of much simpler form, namely 


fU/d) =1 — e~*ld) , (16) — 


is already a good approximation (within a few per cent) to the 
actual law. 
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—— 


SUMMARY 
An improved form of chart for use in ionospheric forecasting is 


bowen In the international 3-zone system of presenting forecasts 
of radio-wave transmission conditions, the necessity to provide average 


values over a range of longitudes introduces errors. These errors can 


; be eliminated for the region of the United Kingdom by the use of a 


British Zone Chart (B.Z.C.), which presents the predictions directly 


_ for all 2000km control points around London. 


A comparison by various user organizations showed that, over a 


: test period of six months, the standard deviation between the predicted 
_ and observed conditions was approximately halved when the B.Z.C. 
was used. 


q 


(1) INTRODUCTION 
The ionospheric conditions which govern the propagation of 
radio waves over the world are difficult to portray on any simple 
form of chart. This is primarily due to the fact that four 
variables have to be considered in any method of presentation, 


namely latitude, longitude, frequency and time. 


_ plotted on a third zone chart. 


y _ment of Scientific and Industrial Research. 


In the 3-zone 
system of presentation which has been adopted internationally 


| for a number of years, the parameters are latitude, frequency and 


time. The world is then divided into two zones each covering 


| 120° of longitude, and it is assumed that over this limited range 


of longitudes the same diurnal variation of frequency occurs. 


It is this assumption which gives rise to considerable errors, and 


they are particularly high near longitudes of 0° and 180°, because 


/the values for these two extreme longitudes are averaged and 
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It was anticipated that this would 
involve a substantial error, and in consequence a Table giving 


the magnitude of this error has been issued with each D.S.LR. 


prediction of radio-wave communication conditions since the 
3-zone system was adopted in 1946. 

The United Kingdom is centred approximately on longitude 0°, 
and one of the control points for all circuits to and from this 
country is situated in or on the border of this region of low 
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accuracy. It is also probable that there is a greater density of 
radiocommunication in this country than in any other area of 
similar extent. This is largely due to the method by which the 
British Commonwealth operates as an integral unit. Actually, 
the area on the charts corresponding to the North Pole, where 
there is little interest for normal radiocommunication, is greater 
than the area on the charts corresponding to this United Kingdom 
region of great density of radio circuits. There are thus good 
reasons to warrant an increase in the accuracy of predictions for 
the United Kingdom area. 


(2) BRITISH ZONE CHARTS 

This increased accuracy was made available in the form of a 
British Zone Chart (B.Z.C.), for an experimental period of 
12 months, on which the predictions for all points lying on the 
periphery of a 2000 km circle centred on London were presented. 
It was convenient to give the predictions in the form of the 
4000km maximum usable frequencies (m.u.f.’s), because these 
could be read directly for any circuit to or from the United 
Kingdom when it was controlled by the ionospheric conditions 


‘at the United Kingdom end. The chart was plotted on a scale 


of latitude and Universal Time (U.T.). Since at any latitude 
there are two possible control points, one to the east and the 
other to the west, the chart was a composite one. One-half of 
the chart referred to circuits to and from the west and the other 
half to circuits to and from the east. One example of this type 


--TOKYO 
60° 
--BRISBANE 


--MELBOURNE’ 
50° 


HOURS, U.T. 
Fig. 1.—British Zone Chart. 


4000 km m.u.f. contours (in megacycles per second) for December, 1950. 


of chart is shown in Fig. 1. The scales can and have been altered 
as required. It will be noted that, in addition to the increased 
inherent accuracy, it is also in the form of a direct-reading chart. 
For example, the names of various circuits from London have 
been written at the latitude of the control point at the London 
end, and it will be seen that, not only can the 24 hourly values 
for the circuit be read off directly, but values at intermediate 
times are also available; there is, in fact, no discontinuity in 
time. This type of chart was issued with predictions of radio- 
wave communication conditions for each month from June, 1953, 
to May, 1954. 
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(3) INCREASED ACCURACY OF BRITISH ZONE CHARTS 


The error in the 3-zone chart system, which can be eliminated 
when the British Zone Chart is used, may be divided into two 
parts; one is due to the averaging process mentioned above, and 
the other to the assumption that time and longitude may be 
interchanged over the 60° of longitude involved in the B.Z.C. 
The standard deviation computed for the first error is 169%, and 
for the latter, 8%. There is also a gain associated with the 
larger scale adopted for the B.Z.C. This is*due to the fact that, 
while the same size of chart is used, the actual area to which it 
refers is only one-fortieth of that of the 3-zone chart. 

It should be clearly understood that the basic predictions were 
plotted directly on the B.Z.C., whereas the predictions plotted on 
the 3-zone charts had been averaged over the range of longitudes 
30° E to 30° W and combined with another range of longitudes 
from 150°E through 180° to 150° W. The error introduced in 
this averaging process may be illustrated in a practical use of the 
charts by plotting in Fig. 2 the diurnal curves for the circuit from 


4000 km MUF, Meds 


14 16 


O1294" Tel 8) 0 12 18 20 22 24 
HOURS, UT. 
Fig. 2.—Predicted m.u.f. for London-Singapore circuit, 


September, 1953. 
—— British zone prediction. 
---- Zone 1 prediction. 


London to Singapore for September, 1953. This graph refers 
to the London end of the circuit, which controlled throughout the 
day. The upper curve has been read from the B.Z.C. and the 
lower from the 3-zone chart. From this plot it is clear that a 
user who has a frequency of 17 Mc/s allocated to this circuit 
would read the predicted time of use from the latter chart as 
0900-1630 hours U.T., whereas the basic prediction (also given 
on the B.Z.C.) showed this frequency to be satisfactory for 
34 hours longer (i.e. from 0700 to 1800 hours U.T.). Alter- 
natively, if the user had a frequency of 19 Mc/s allocated to the 
circuit the 3-zone charts would show this to be too high, but the 
true prediction (as given on the B.Z.C.) gave the hours of opera- 
tion on this frequency as 0900-1600 hours U.T. 

It is axiomatic that, in the last case, a user who only wishes to 
communicate from 0900 to 1630 hours U.T. on 17 Mc/s or who 
has not a suitable frequency allocated could not have benefited 
in this particular case. However, communication conditions are 
continually changing, and it is quite certain that over a period 
every user would benefit from the more accurate presentation 
of the predictions. There have been so many cases reported in 
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which frequencies higher than those read from the predictions 
on the 3-zone charts have been used that it seemed highly probable 
that, if comparisons were made with the actual predictions (ona | 
B.Z.C.), a demonstrable improvement would result. 


(4) EXPERIMENTAL RESULTS 

Circuit data obtained by several users of D.S.I.R. predictions ~ | 
were compared with the two forms of chart (3-zone and B.Z.C.) 
over a period of six or seven months. The results obtained by — 
three typical users are given in Table 1, from which it can be seen 


Table 1 


Standard deviations 


Comparisons 
BZaG, 


| 3-zone 
method 


method 


6 % 

Error in predicted frequency at 11-3 ya v2 
median fade-out time 

Error in predicted frequency at 18-3 9-2 i 

median fade-out time ee | 

(a). Error in predicted frequency at | 19:2 | 12-7 ; 

median fade-out time | 

(b) Error in predicted fade-out time 


2 hours | 1-3 hours 


that the standard deviation between the actual and predicted | 
circuit performance was about twice as great when the predictions _ | 
were based on the 3-zone charts as when they were based on the 
British Zone Chart. vi 


(5) CONCLUSIONS 

The general conclusion of the user organizations was that, over | 
the area to which the chart applied, a worth-while improvement | 
had been achieved. ! 

The above comparison was made between the British Zone | 
Chart and the corresponding part of the international 3-zone 
chart system. From June, 1955, the latter system, which has | 
been adopted for world-wide forecasting by the D.S.I.R. for the | 
past nine years, will no longer be used. In its place a system of | 
12 charts, each depicting the ionospheric conditions which | 
govern the propagation of radio waves at each even hour 
Universal Time, will be introduced. The new charts should 
therefore provide a more accurate presentation of the forecasts 
at the hours specified. 

The B.Z.C. could not replace that world system of 12 Universal 
Time charts owing to the limited area to which it applies. Over 
that area, however, it would enable a greater accuracy to be 
achieved by filling the gaps between the two-hourly Universal 
Time charts. It also has the advantages of being direct reading 
and of having a much larger scale. 
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SUMMARY 


An analysis has been made of the time lost on certain radio circuits 
incoming to the United Kingdom from Montreal and New York 
during the period 1942-1952. The results have been examined in 


| relation to the variations in solar and magnetic activity with a view 


to estimating the degree of interruption likely to be experienced on 
It is concluded that 
the maximum values of lost time occur during the winter months as 
the minimum of the sunspot cycle is approached, and that these high 


_ yalues are associated with periods of high magnetic activity arising 
| from the occurrence of M-region storms. 
_ adverse propagation conditions encountered since the winter of 
| 1950-51 will be slightly less severe during the winter of 1954-55 and 


It is considered that the 


that by the winter of 1955-56 there should be a marked reduction in 


| the amount of commercial time lost on transatlantic circuits. 


(1) INTRODUCTION 


It has been known since the introduction of short-wave 
transmission for commercial communications that high-frequency 


| radio-telephone and radio-telegraph services between the United 


Kingdom and North America are at certain times particularly 
subject to interruptions due to disturbed ionospheric conditions. 
These conditions are generally, but not invariably, associated 
with periods of high magnetic activity, when the values of the 


| different components of the earth’s magnetic field show con- 


siderable variations from their normal “‘quiet day”’ values. It 
is recognized that both high magnetic activity and adverse radio 
propagation conditions are symptoms of disturbed conditions 
in the ionosphere. The relation between these two effects is 
nevertheless of considerable interest, more particularly because 
radio engineers have consistently found it easier to relate radio 


‘propagation conditions to the degree of magnetic activity than 


to some primary characteristic of the ionosphere. A study of 
this correlation is further justified because of the help which 
existing records of magnetic activity, extending over a period of 
more than 50 years, might give in indicating future trends. 
During sunspot-maximum conditions, periods of high magnetic 
activity are frequently associated with the occurrence of ‘large 
sunspot groups on the sun’s visible hemisphere; but during 
sunspot minima there are more general indications of other types 
of magnetic storms, believed to be associated with the so-called 
M-regions! on the sun. These storms tend to recur about every 
27 days, and it is often possible to distinguish two or more series 
of storms within this period. Certain published informa- 
tion? and previous unpublished analyses of the time lost on 
North Atlantic telephony circuits have suggested that the highest 
values of lost time occur, not at the peak of the sunspot cycle, 
but generally about two or three years later. The present cvcle, 
which is now approaching a minimum, had its maximum in 
mid-1947, but solar activity remained at very high near-maximum 
levels throughout the years 1947, 1948 and 1949. It might there- 


Mr. Jowett and Mr. Evans are in the Post Office Engineering Departirent, Radio 
Planning and Provision Branch. 


fore have been expected that the highest values of lost time 
would occur at. some time in the period 1949-1951, 

It was not until September, 1950, however, that the lost time 
on circuits incoming from the United States and Canada showed 
any significant increase; at that time conditions on these circuits 
suddenly deteriorated, and the high values of lost time then 
recorded have been a feature of the conditions generally prevailing 
on them until the end of 1952. This increase in lost time 
coincided with a sharp decrease of solar activity and the onset 
of M-region magnetic storms recurring at intervals of 27 days. 
Reference to this deterioration in propagation conditions on 
North Atlantic circuits during the past two or three years has 
also been made in recent French? and Dutch* papers. 

The high values of lost time on these circuits, sustained as they 
have been over the past three years, have had a serious effect 
upon the average traffic-handling capacity of individual circuits. 
The operational difficulties have, of course, been all the greater 
because accurate forecasts of general propagation conditions 
likely to be met 24 or 48 hours ahead are impossible, and 
short-term re-routing of traffic and readjustments of staffing 
arrangements can therefore rarely be made in advance of changing 
circuit conditions. While these difficulties emphasize the need 
for a reliable short-term storm-warning service, it is equally 
important at the present time to forecast the general conditions 
likely to prevail over the next few years. 

As a first step it has been necessary to assemble information 
concerning the recent increases in lost time in a precise and 
useful form, and an examination has therefore been made of the 
records of certain North Atlantic circuits from 1942 onwards. 
By considering the facts thus obtained in relation to the pre- 
vailing magnetic and solar activity at different epochs of the 
sunspot cycle, an attempt has been made to estimate the future 
trend of lost time on these circuits as the minimum of the present 
sunspot cycle is approached. 


(2) SOURCES OF DATA 
(2.1) Circuit Data 

Studies have been made (in the direction incoming to London) 
of three circuits—the New York—London and Montreal—London 
radio-telephone circuits and the Montreal-London radio-tele- 
graph circuit. Records of lost time due to ionospheric dis- 
turbances on the two radio-telephone circuits, both of which 
employ the single-side-band method of transmission, have been 
obtained from logs kept by the London terminal station. In 
analysing these records, circuit time has been considered to be 
lost whenever the circuit was graded as unsuitable for connection 
to the inland telephone system. The New York circuit chosen 
for analysis used a high-power transmitter and the highly direc- 
tional m.u.s.a. (multiple unit steerable array) receiving system;>.® 
this circuit has a normal 22-hour schedule of 1000-0800 hours 
G.M.T. daily. The Montreal circuit has a normal 17-hour 
schedule of 1200-0500 hours G.M.T. in summer and 1300- 
0600 hours G.M.T. in winter. 

Logs of the performance of the Montreal—London radio- 
telegraph circuit, which is scheduled to operate for 24 hours 
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daily except at week-ends, are kept by the receiving station at 
Somerton. The time lost on this circuit has been assessed by 
considering the periods during which the signals were graded as 
unreadable. 


(2.2) Solar and Magnetic Data 


Solar activity has been expressed by means of the 12-month 
running-average value of the Ziirich monthly-mean sunspot 
number, R. 

Magnetic activity, or disturbance of the earth’s magnetic field, 
has been expressed by using the character-figures K’? and C 
recorded by the Abinger magnetic observatory. K is an 
internationally agreed 3-hourly index giving the degree of 
magnetic activity over the periods ending at 0300, 0600, 0900... 
2400 hours G.M.T., and is obtained by taking the greatest of the 
three individual K-values indicating respectively the departures 
from quiet-day values of the horizontal and vertical components 
of the earth’s magnetic field and the magnetic declination. 
C, which is referred to as the figure of the day, gives a measure 
of the degree of magnetic activity during the whole day and is 
proportional to the daily sum of the individual K values. 

An examination has been made of K for the Lerwick (Shetland) 
and Cheltenham (Maryland, U.S.A.) magnetic observatories, to 
see whether either of them shows more evidence of magnetic 
activity (as expressed by a greater proportion of high K-values). 
The results of the examination have shown that the simultaneous 
values observed at each of the three observatories followed 
closely similar trends. Reference is also made by Bartels’ to 
the high degree of correlation existing between values of K 
measured at different observatories. 


(3) THE VARIATION OF MONTHLY LOST TIME ON THREE 
CIRCUITS WITH PARTICULAR REFERENCE TO SOLAR 
AND MAGNETIC ACTIVITY 


(3.1) Presentation of Data 


Figs. 1 and 2 show the variations in the monthly-average lost 
time on the New York—London and Montreal—London radio- 
telephone circuits and the Montreal-London radio-telegraph 
circuit over differing periods between 1942 and 1952.* 

These Figures also show the variation of the 12-month running- 
mean Ziirich sunspot number and the monthly-mean and yearly- 
mean values of C. 


(3.2) Discussion of Results 


(3.2.1) New York—London Radio-Telephone Circuit. 

The results of the analysis for the New York—London radio- 
telephone circuit show that during the period analysed the lost 
time has its maximum value around the minimum of the sunspot 
cycle, and that only during certain months of the years of sunspot 
maximum (1947, 1948 and 1949) did the lost time fall to almost 
negligibly low values. The graphs also show peaks.of lost time 
at the equinoxes, corresponding closely with marked increases in 
the degree of magnetic activity. This equinoctial increase in the 
degree of magnetic activity is a well-established phenomenon.® 
The equinoctial peaks of lost time are most clearly seen at sun- 
spot maximum when, in fact, only the equinox periods cause any 
material difficulties in operation; during summer and winter in 
sunspot-maximum years the monthly lost time falls to less than 
1% of the scheduled time. 


(3.2.2) Montreal-London Radio-Telephone Circuit. 
The general trend of lost time on the Montreal—London circuit 
shown in Fig. 1 is similar to that of the New York—London 
* The paper was originally prepared early in 1953, but data for the whole of ‘that 


year have since been added to Figs. 1 and 2. It will be seen that where these later 
results afford new information they support the conclusions arrived at in the paper. 


JOWETT AND EVANS: A STUDY OF COMMERCIAL TIME LOST ON TRANSATLANTIC 


circuit although the values are considerably higher. This is to 
be expected, since the Montreal—London great circle penetrates 
more deeply into the North Auroral zone and consequently the 
signals are subject to greater absorption, especially during dis- 
turbed ionospheric conditions. 7 


(3.2.3) Montreal-London Radio-Telegraph Circuit. 


Fig. 2 shows the lost time on the Montreal—London radio 
telegraph circuit from 1944 onwards. In this case the lost time 
has been expressed as the monthly-mean time during which 
the circuit was graded as “‘signals unreadable or unheard”’ at the 
Somerton receiving station. Here again it is seen that the 
general trend of the lost time is similar to that on the New York— 
London radio-telephone circuit. There are, however, certain 
significant differences between the Montreal—London telephony 
and telegraphy circuits and these are discussed in Section 3.2.4. _ 


(3.2.4) Comparison of the Montreal-London Radio-Telephone and 
Radio-Telegraph Circuits. 

In Fig. 2 the percentages of time lost on both the Montreal— 
London radio-telephone and radio-telegraph circuits are com- — 
pared. Since different standards have of necessity been used in | 
assessing when time is lost, it is unwise to press the comparison 
too far, but it is of special interest to note the differing extents 
to which the two circuits follow the degrees of disturbance of 
the earth’s magnetic field. It is seen that during all summers, | 
and also during winter sunspot maximum, the lost time on both 
telephone and telegraph circuits follows the variations of mag- 


netic activity very closely. During winter sunspot minimum, | 


however, the telegraph-circuit lost time follows the magnetic 
variations much more closely than that of the telephone circuit. 
Examples of this trend can be seen during the winters of 1950-51 
and 1951-52. Thus, considering the period from September, — 
1950, to May, 1951, the curve of the monthly-mean value of C 
shows two well-defined peaks in October and April, with a 
trough in which minimum values occurred in December and 
January. The curve of telegraph-circuit lost time shows similar 
variations, with one peak extending over October and November 
and a second peak in April; the minimum values occurred in | 
December and January. For the telephone circuit the values _ 
remained high throughout the period October—April and did | 
not show the pronounced reduction in December and January. 
A similar effect is seen during the winter of 1951-52. 

This difference in the behaviour of the telephone and telegraph 
circuits during periods of high magnetic activity and winter sun- 
spot minimum may, it is suggested, be due to differences in the 
characteristics of the aerials used for the two services. It is 
during sunspot minimum and particularly at night in winter 
that by far the greatest amount of lost time occurs; at these times 
the maximum usable frequencies for these circuits fall to low 
values during winter nights and there is a risk of signals pene- 
trating the F layer of the ionosphere if they are radiated at too 
high an angle with the ground. 

Fig. 3 shows the values of wave-arrival angle, for a frequency _ 
of 5 Mc/s, measured on the m.u.s.a. receiver at Cooling during 
each January for the period 1943-46, which includes sunspot — 
minimum in 1944. Although this Figure refers to the New 
York—London circuit the results are thought to be generally 
applicable also to the Montreal—Loendon circuits included in the 
study. It is seen that during 1943 and 1944 the average value 
of the wave-arrival angle was less than 15°, and during the pre- 
dawn period in 1944 much lower values were observed. A rise 
in angles can be noted in 1945, and by 1946 a sharp recovery to 
angles of about 20° occurred. This suggests that the aerials used 
on the transatlantic circuits should be designed to give their 
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1952 ! 1953 


SUNSPOT No., R. 


telephony circuits (incoming direction only), and variations in solar and magnetic activity. 


(a) New York—London. (d) Yearly average of C. 
(6) Montreal-London. (e) Ziirich sunspot number, R. 
(c) Abinger magnetic figure of the day, C. (f) Arbitrary reference level. 


Fig. 1.—Percentage of scheduled time on New York—London (high-power system using m.u.s.a. reception) and Montreal-London 


th 


TIME PER MONTH TELEPHONY 
CIRCUIT GRADED UNCOMMERCIAL 
TIME PER MONTH TELEGRAPHY 
CIRCUIT GRADED ZSU.% 


FIG. OF DAY,C 


Fig. 2.—Percentage of scheduled time lost on Montreal-London telephony and telegraphy circuits (incoming direction only), and 


variations in solar and magnetic activity. 


(a) Telegraphy circuit. (d) Yearly average of C. 
(b) Telephony circuit. (e) Zurich sunspot number, R. 


(c) Abinger magnetic figure of the day, C. (f) Arbitrary reference level. 
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ANGLE TO GROUND, DEG 


° 4 8 2 16 20 
G.M.T. 


Fig. 3.— Wave arrival angles measured on m.u.s.a. receiver at Cooling for incoming 5-078-Mc/s transmission from 
Lawrenceville, New Jersey. 


(a) January, 1943; (6) January, 1944; (c) January, 1945; (d) January, 1946. 


maximum gain for frequencies of the order of 5 Mc/s at angles 
at least as low as 15° if sunspot-minimum conditions are to be 
adequately covered at night-time. 


(4) THE RELATION OF TIME LOST DAILY DURING HOURS 
OF DARKNESS WITH MAGNETIC ACTIVITY AND 
SUNSPOT NUMBER 


(4.1) Extent of Analysis 


The greater part of the time lost on the transatlantic circuits 
occurs during the hours of darkness and between September and 
April. In order to examine further the relation which exists 
between the magnetic activity and lost time when daily, rather 
than monthly, mean values are considered, an analysis has been 
made of the time lost on the Montreal-London telephony circuit 
during the period 2100-0600 hours G.M.T. in relation to the mid- 
night value of the magnetic index K, i.e. for the 3-hourly period 
2100-2400 hours G.M.T. This particular period of the day has 
been selected because it is generally the most difficult from the 
point of view of transatlantic radio communication, and the 
analysis should in particular reveal the extent to which decreasing 
solar activity controls the amount of lost time on the circuit. 


(4.2) Presentation of Results 


The results of this daily analysis are shown in Fig. 4, which 
has been prepared in the following way. Taking first those days 
when one particular midnight value of K was measured, the total 
lost time over the period 2100-0500 hours G.M.T. during the 
difficult equinox months of September and October was deduced 
and expressed as a percentage of the total schedule time during 
this period. This procedure was repeated for all other integral 
values of K and the percentage thus obtained has been plotted 
against K. Separate curves have been drawn for each year 
between 1947 and 1952. Histograms, showing the number of 
occasions, N, on which each value of K occurred during the 
2-month period, give a measure of the signiiicance to be attached 
to each point on the curves. Under each of the Figures are 
shown also the mean values, over the 2-month periods concerned, 
of the following factors: wf 

(a) 2-month running mean sunspot number. 


° 4 8 12 16 20 24 
GMT 


(b) Calculated mean m.u.f. (maximum usable frequency) for 
the period 2300-0200 hours G.M.T. 
(c) Mean value of magnetic index C (figure of the day). 


The values of (a) and (6) show that while solar activity, and — 


hence maximum usable frequencies, remained at very high values 
over the first three years (1947, 1948 and 1949) there was a sharp 
decline at the autumn equinox of 1950 and further progressive 
falls in the succeeding two years. Factor (c), the magnetic figure 
of the day, gives a useful indication of the extent to which the 
earth’s magnetic field is disturbed, and is seen to have had 
exceptionally low values in 1949 and exceptionally high values 
in 1947 and 1951. This conclusion can to a large degree be 
drawn also from the histograms of K-values, but whilst the 
K-values relate only to a short period of the day (2100— 
2400 hours G.M.T.) the C figure is a measure of magnetic field 
variations throughout the whole of the day. 


(4.3) Discussion of Results 


The conditions occurring in 1947 being ignored for the present, 
a general survey of the Figures shows clearly the increase in lost 
time in the later years as the approach is made to sunspot- 
minimum conditions. Thus, for example, whilst the 1948 and 
1952 magnetic-field conditions were not very different the lost 
time in 1952 was much greater, and considerable amounts of 
lost time occurred in 1952 at very low values of K, such as 
K =1and K =2. There was, in fact, a steady worsening in 
radio conditions from 1948 to 1952 as solar activity declined, 
the relative degradation of circuit performance showing up 
markedly for the low values of K when conditions magnetically 
are relatively quiet. 

The conclusion may be drawn that the night-time difficulties 
in the operation of the Montreal-London telephony circuit 
during 1950, 1951 and 1952 have arisen primarily from the large 
reduction in m.u.f. accompanied by very much smaller reduction 
in l.u.f. (lowest usable frequency) which has resulted in a low 
margin between m.u.f. and l.u.f. During disturbed ionospheric 
conditions there is a still further reduction in m.u.f. due to a 
fall in F-layer critical frequencies and an increase in l.u.f. 
resulting from increased absorption below the E layer.? Under 
these conditions it appears that ionospheric disturbances asso- 
ciated with even slight magnetic disturbances, corresponding to 
very low values of K, have been sufficient to make the circuit 
unworkable, or, at best, marginal in performance. 


° 
TIME LOST, */, 


| Fig. 4.—Montreal-London radio-telephone circuit. Relation 
between percentage of time lost between 2100 and 0600 hours 
G.M.T. daily and midnight value of magnetic index K during 
September and October for the years 1947-1952. 


i 

| (a) 1947: m.u.f. = 10°55 Mc/s; Pe ke i2-R = 150. 

{ (6) 1948; m.u.f. = 12:35 Mc/s; C = 0-95; R = 149. 
(c) 1949; m.u.f, = 12-10 Mc/s; C = 0- 86: Ri 22) 
(d) 1950: m.u.f.= 8-75 Mc/s; C = 1:04; R = 71. 
(e) 1951; m.u.f. = 8-70 Mc/s; C = 1:16; R = 61 
(f) 1952; m.u-f. = 8-30 Mc/s; C = 0:98; R = 26. 


_ When the year 1947 is considered, however, the conditions are 
| seen to be very different. Lost time occurred only when K-values 
were moderately high, suck lost time as there was coinciding 
| almost entirely with values of 4 or 5. This may be attributed to 
the fact that near a sunspot maximum there is a large margin 
between the m.u.f. and l.u.f. It is of interest further to note that 
the lost time was especially high in the autumn of 1947, when 
_ difficult radio conditions frequently coincided with the visible 
passage of large sunspot groups. This type of storm, which does 
not generally seem to have a clear 27-day recurrence tendency, is 
believed to create greater ionospheric disturbances than the 
recurrent type, associated with so-called M-regions on the sun.? 

It has been found that, on occasions, the lost time on the 
transatlantic circuits bears apparently little relation to the 
specific value of K prevailing at the time, although, as already 
shown, the correlation between monthly values of lost time and 
of C is high. Particularly is this true at the end of a severe 
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magnetic storm lasting for several days; on such occasions it is 
not unusual for difficult radio-circuit conditions to continue for 
many hours, and sometimes even some days, after K has resumed 
very low values, corresponding to quiet magnetic conditions. 

Whilst Fig. 4 shows several other interesting features, further 
evidence is required before more conclusions can be drawn; 
in particular, it would be cf value to examine conditions during 
winter, and if opportunity permits this will be carried out at a 
later date. 


(5) SOME RELEVANT FEATURES OF RECURRING MAGNETIC 
STORMS 


Although the deterioration in the performance of the trans- 
atlantic radio circuits is of the same character whatever the type 
of long-term magnetic disturbance that accompanies it, the 
disturbances themselves fall into two main classes: (a) those 
associated with large sunspot groups, and (5) 27-day-recurring or 
M-region disturbances which have their origin in an active area 
on the sun’s surface but which do not appear to be directly 
associated with sunspots. 

During sunspot maxima the majority of the magnetic dis- 
turbances were associated with large sunspot groups and in par- 
ticular with intense solar flares, which caused Dellinger fades 
followed by magnetic disturbances from 18 to 36 hours later. 
At sunspot maxima there is practically no evidence of dis- 
turbances clearly recurring after intervals of about 27 days. 

As a sunspot minimum is approached the 27-day recurrence 
tendency becomes very pronounced, and during the present 
cycle the onset of the 27-day-recurrence storms coincided with 
the rapid decrease of sunspot number during 1950. This can 
be seen in Fig. 5, which shows the occurrence of magnetic- 
disturbance days from 1940 to the end of 1952 on a scale 27 days 
wide. Any recurrence tendency is shown as a series of vertical 
blocks, and it will be seen that for two or three years prior to 
July, 1950, there was little evidence of such recurrence tendency. 
The strength of the 27-day recurrence tendency has been examined 
by Shapley,!° who concludes, from an analysis of data covering 
the years 1890-1944, that the 27-day recurrence tendency is 
most marked during years of decreasing solar activity and 
around sunspot minimum. 

From Fig. 6, which shows the magnetic-disturbance days 
during 1952 together with the occurrence of large sunspots and 
solar flares, the recurrence tendency of the disturbance days can 
be clearly seen. It will also be seen that a marked recurrence 
tendency exists for the days during which the lost time on the 
New York—London circuit exceeded 15°% of scheduled time. 


(6) THE FUTURE TREND OF LOST TIME ON NORTH- 
ATLANTIC CIRCUITS 

It may be assumed that sunspot-minimum conditions will 
persist at least until the spring of 1956, with some possibility of 
the actual minimum occurring during 1955. This would imply 
that there is a likelihood of the lost time remaining at the present 
high values, or even increasing, during the next two or three 
winters; some support for this view is given by the lost-time 
figures for December, 1952, which are amongst the highest yet 
recorded, although the monthly-average value of magnetic 
activity was not unduly high. 

Lost time, however, has been shown in earlier Sections of the 
paper to depend not only upon the sunspot number but also 
upon the degree of magnetic activity. It will be seen from Fig. 1 
that the magnetic activity fell to its lowest value for the period 
1940-1952 in 1945, the year following sunspot minimum, 
although 1943, the pre-minimum year, was one of high magnetic 
activity. In fact, as shown in Fig. 5, the 27-day or M-region 
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Fig. 5.—Bartels diagram of magnetic activity, 1940-1952, 


Mi indicates values of C from 1-4 to 2:0 inclusive. ; 
[Sq] indicates values of C from 0:9 to 1-3 inclusive. 
[| indicates values of C from 0-0 to 0°8 inclusive. 
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RADIO CIRCUITS DUE TO DISTURBED IONOSPHERIC CONDITIONS 
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Fig. 6.—Sunspot and magnetic data, 1952. 


—— indicates values of C from 0-9 to 1-3 inclusive. 
=—— indicates values of C from 1-4 to 2-0 inclusive. 
1 indicates 3-hourly magnetic index K: One small division = 1 unit. 
—_@ indicates days on which lost time on high-power system using m.u.s.a. 
reception was greater than 15% of scheduled time. 


L_¥_4 indicates sunspots of area greater than 500 x 10—§ of visible hemisphere. 
Area and latitude are shown to left of arrow, which indicates central 


P meridian passage. 
indicates solar flare. 


storms, which account for the greater part of magnetic activity as 
sunspot minimum is approached, are no longer evident after the 
spring equinox of 1944. As mentioned in Section 5, the 27-day 
recurrence tendency is most marked during years of decreasing 
solar activity and around sunspot minimum. 

The tendency for the magnetic activity to fall to its lowest value 
at sunspot minimum is also shown in the results of a study by 


Chapman’ of the variations of magnetic activity and sunspot 
It is found that there is 


comparatively little variation in the minimum values of magnetic 
activity for each cycle, although considerable variations occur in 
the maximum values. An examination of magnetic data for the 
period August, 1932-August, 1933 (the International Polar 
Year),!! which was also a period near to sunspot minimum, 
shows that the degree of magnetic activity during this period was 
of the same low order as that during 1944 and 1945. It was only 
in 1842 that a high level of magnetic activity was reached at 


a sunspot minimum. 


Diz 


It therefore appears that, although it is not possible to forecast 
with certainty the degree of magnetic activity during the next 
few years, it is not unreasonable to assume that it will fall to a 
level similar to that recorded after previous sunspot minima. 
This period of low magnetic activity may, however, be preceded 
by a period of high activity in the pre-minimum year, and it will 
also be a period of low m.u.f.’s with a consequent small margin 
between the m.u.f. and l.u.f. It has already been mentioned in 
Section 4.3 that when there is a small margin only between the 
m.u.f. and l.u.f. the ionospheric disturbances associated with 
even slight magnetic disturbances are sufficient to make the 
transatlantic circuits unworkable, or, at best, marginal in per- 
formance, more particularly at night. The conclusions to be 
drawn from all these considerations are that the high values 
of lost time which have been characteristic of the winters of 
1951-52 and 1952-53 will persist during the winter of 1953-54* 
in spite of a possible decrease in magnetic activity. It is im- 
possible to say whether magnetic activity, as measured by the 
monthly-mean values of C, will have fallen sufficiently by the 
winter of 1954-55 to allow conditions to improve in spite of the 
low values of m.u.f. It might, however, be expected that by 
the winter of 1955—56 the minimum of the present sunspot cycle 
will have been passed. On the assumption that this is so, the 
anticipated low values of magnetic activity, together with the 
proportionally greater increase of m.u.f. as compared with fuer, 
should result in materially improved conditions. 


(7) CONCLUSIONS 

An analysis has been made of the percentage of scheduled 
time lost per month on radio-telephone and radio-telegraph 
circuits incoming at London from Montreal, and a radio-tele- 
phone circuit incoming at London from New York, for various 
periods from 1942 onwards. From a study of solar and magnetic 
data it is concluded that the present high level of lost time on these 
circuits is associated with a high degree of magnetic activity 
arising from the occurrence of M-region storms. These high 
values have persisted throughout the winter of 1952-53 and are 
expected to continue through the winter of 1953-54, but some 
slow improvement in conditions may be expected during 1954. 
No great improvement in conditions can, however, be expected 
until the commencement of the next sunspot cycle and, although 
this cannot yet be forecast with any accuracy, it is not expected 
to occur before 1955. 


* Experience during the winter of 1953-54 confirmed these forecasts in_that, 
although magnetic activity declined, the lost time on circuits between the United 
Kingdom and North America proved to be as high as in the two preceding winters. 


[The discussion on the above paper will be found on page 522.] 
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SUMMARY 
Operational data from several important long-distance radio- 
elegraph circuits have been analysed and the results discussed in 
‘elation to variations in solar and magnetic activity. It is shown that 
Iie Jowest operational efficiency on radio circuits need not necessarily 
ecur at the same time as the lowest level of solar activity. For 
-xample, in 1952 the performance of many difficult radio circuits 
“deteriorated considerably, coincident with a peak of magnetic activity, 
‘put subsequently recovered although solar activity continued to fall. 
' On certain circuits there is a pronounced seasonal asymmetry of 
‘performance in the two directions of the route; to confirm that this is 
due to propagation effects, data from different organizations operating 
‘on substantially the same radio path are compared—particular 
‘reference being made to the United Kingdom-South Africa and the 
United Kingdom-—Australia circuits. Suggestions are put forward as 
the possible reasons for this asymmetry with season, and con- 
ideration is given to effects such as ionospheric propagation, atmo- 
spheric noise and the path taken by the ray. 
Mention is also made of other propagation phenomena, such as 
echo signals, maximum latitude of ray path and M reflections, which 
have a bearing on the operation of radiotelegraph circuits. 
_ For the purposes of the paper all references to seasons relate to the 
northern hemisphere. 
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TERMINOLOGY 


Certain terms used in the paper, which have no generally 
accepted meanings or which are used here in a special sense, 
are defined with a view to avoiding misunderstanding. 

Circuit performance.—The efficiency of a circuit as measured, 
for example, by the number of commercial hours per day or 
days per month. 

Long and short routes.—The major and minor arcs, respectively, 
of the great circle passing through two points on the surface of 
the earth. 

Forward echo.—A signal, arriving after the wanted signal, 
which has encircled the globe one or more times. Time intervals 
between the wanted and echo signals will be a multiple of 

approximately one-seventh of a second. 

Backward echo.—The signal traversing the long (or short) 
route, at a time when the operation of the circuit is by way of 
the short (or long) route. 

Reciprocity.—The reciprocity theorem implies that if a trans- 
mitter T is matched into an aerial A,, and a receiver R is matched 
into a different aerial Ap at a distant point, the power generated 
in the receiver input impedance when this arrangement is used 
is the same as in the alternative arrangement in which T and R 
are interchanged and matched to Ap and Aj, respectively. The 
term non-reciprocity can therefore be applied only to differences 

in circuit performance which are due to propagation effects, 
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and cannot be used to describe differences which are due to the 
terminal equipment or its utilization. 

Asymmetry in circuit performance.—A difference between the 
performance of a circuit in the incoming and outgoing directions. 
The difference may be due to one or more causes and does not 
necessarily imply non-reciprocity. 

Long-term asymmetry.—Asymmetry which remains constant 
over a long period. 

Seasonal asymmetry.—The component of the asymmetry 
which varies regularly with season. 

M Reflections —Multi-hop ionospheric propagation in which 
the intermediate reflections take place between two ionospheric 
layers and not between a layer and the ground. 

Percentage time commercial.—The percentage time for which 
the signals were suitable for printing at high speed. 


(1) INTRODUCTION 

In the early days of radiocommunication the frequencies 
employed were in the low- and very-low-frequency bands, and 
the realization that the radiation was guided round the earth by 
means of the ionosphere was consequently of little practical 
value to the user of a telegraph circuit. 

With the advent of high-frequency (h.f.) communication 
about 30 years ago it soon became apparent that on a given 
radio circuit the range of frequencies which could be used at 
any particular time was determined by the ionosphere. Since 
there were no ionospheric forecasting services, the operation of 
existing and the planning of new circuits were largely matters of 
experience, notably in regard to the way in which the ionosphere, 
under both quiet and disturbed conditions, affected h.f. com- 
munications, 

Whilst some of the results of experience can now be under- 
stood in terms of modern knowledge, it is worth recording certain 
aspects thereof which may not be generally known or for which 
no complete explanation exists. 

It has been the practice over many years for operating per- 
sonnel regularly to assess the merit of their circuits in one way 
or another, and such assessments, when analysed in conjunction 
with the prevailing solar, magnetic and other data, have been 
of the utmost value in the development of efficient radiotelegraph 
circuits. 

The circuits referred to in the paper are illustrated in Fig. 1, 
and the sources of data are listed in Table 1. 

In the years immediately following the initial operation, in 
1927, of the high-speed radiotelegraph Empire beam circuits 
from this country to Australia, Canada, India and South Africa, 
certain performance characteristics emerged from the analysis 
of the merit assessments; for example, 

(a) Effects associated with magnetic and solar activity. 
(6) Asymmetry of performance, with season, of the two direc- 
tions of a given radio path. 

The subsequent increase in the number of high-frequency radio 


ise! 


314 


Fig. 1.—Great-circle routes of circuits in Table 1. 


Table 1 


Circuit Source of data 
London-Simonstown 
Town) 
London-Singapore 2% 
London-—Halifax (Canada) 
London-Harman (Canberra) .. 
‘London—Colombo ps 
London—New York 
London-Tokyo .. 
London-—Melbourne 
London-Cape Town 
London-Buenos Aires .. 
London—Montreal 


(Cape | Admiralty 

Admiralty 

Admiralty 

Admiralty 

Admiralty and Air Ministry 
Cable and Wireless, Ltd. 
Cable and Wireless, Ltd. 
Cable and Wireless, Ltd. 
Cable and Wireless, Ltd. 

Cable and Wireless, Ltd. 
Canadian Overseas Telecom- 
munications Corporation 
Canadian Overseas Telecom- 
munications Corporation 


Montreal—Melbourne .. 


circuits has enabled many more data to be assembled and, in 
certain instances, the performance of main-line circuits operated 
by different organizations over substantially similar radio paths 
to be studied. 

For such circuits, with first-class equipment, the effects due to 
differences in sites, keying systems, continuity of skilled per- 
sonnel, traffic loading, frequencies, interference, etc., are usually 
small in relation to those due to ionospheric effects. Such a 
case is illustrated in Fig. 2, in which the performance of the 
Admiralty and Air Ministry circuits from Colombo to London 
for the winter of 1952-53 are compared. 
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Fig. 2.—Comparison of performance over the same route of circuits 
operated by different organizations. 


Colombo-London. November, December, January, 1952-53. 
Admiralty. 


-—-—- Air Ministry, 


(2) EFFECTS ASSOCIATED WITH MAGNETIC AND SOLAR © 
ACTIVITY ;. 


Of the four Empire beam circuits referred to in Section 1, _ 


the Canadian was found to be most susceptible to magnetic- 
storm effects. From 1928 to 1932 this circuit was operated on 
frequencies of approximately 9 and 18Mc/s and was un- 
doubtedly adversely affected by the absence of additional fre- 
quencies [Fig. 3, curve (a)]. The subsequent facilities for 
operation on any of the frequencies 4, 7, 9, 13 and 18M¢c/s, 
together with improvements such as spaced-aerial diversity 
reception and frequency-shift keying, resulted in a significant 
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3.—Seasonal change in performance of the London—Montreal 
circuit. 
(a) Montreal—London, 1928-32 (inclusive); 9 and 18 Mc/s only. 


(6) Montreal—London, 1933-52 (inclusive); 4, 7, 9, 13 and 18 Mc/s. 
(c) London—Montreal, 1933-52 (inclusive); 4, 7, 9, 13 and 18 Mc/s. 


provement in performance [Fig. 3, curve (b)]; in curve (c) the 
rformance in the opposite direction is compared for the same 
‘0 years as that for curve (6). Best conditions are seen to occur 
‘o summer, contributory factors being the larger number of day- 
‘ight hours and therefore greater stability of route, together with 
the improvement in transmitting- and receiving-aerial per- 
ormances consequent upon the extended use of higher frequencies 
t this season. 

The relatively poor performance during the vernal- and 
‘zutumnal-equinox months is largely attributable to the high 
ncidence of magnetic storms at these two seasons. 
| Whilst frequencies of 18 Mc/s and above are essential for day- 
ime operation of the transatlantic route in sunspot-maximum 
ears, the useful frequency range tends to be approximately 
14Mc/s in sunspot-minimum years; in fact, the 13-14Mc/s 
and has proved extremely useful on this route at some period 
f the 24 hours at all phases of the sunspot cycle. This variation 
the usage of a given frequency may, on some routes, change 
appreciably from month to month and year to year; compare, 
or example, the use on the Tokyo—London route of 9Mc/s in 
lanuary, 1934 and 1937 (see Fig. 4, curves A) and likewise of 
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Fig. 4.—Frequency usage as a function of time of day and season for 
sunspot minimum (1934) and maximum (1937) for the Tokyo- 
London circuit. 


Js. 
------- 13 Mc/s. 


13Me/s in June, 1934 and 1937 (curves B). Within the three 
years, 1934-37, solar activity changed from an extremely low 
to a peak value; the years 1944-47 were associated with even 
greater changes in solar activity and therefore in frequency usage. 
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Such changes illustrate the great difficulty, at least on an inter- 
national basis, of producing satisfactory time schedules for non- 
simultaneous sharing of specific frequency assignments. 

Owing to the restricted frequency range in sunspot-minimum 
years there may be little margin on certain routes for decrease of 
frequency under magnetic-storm conditions.! In consequence 
many circuits may suffer severe interruptions during years of 
low solar activity, e.g. 1943-44 (see Fig. 5). 
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Fig. 5.—Circuit performance as a function of solar activity. 


(a) Montreal—London, 1933-53 (inclusive). 
(6) London—Montreal, 1933-53 (inclusive). 
— —— - Amended curve, assuming that 4Mc/s was available. 
(c) Melbourne—London, 1933-49 (inclusive). 
(d) Melbourne—Montreal, 1935-53 (inclusive). 
(e) Montreal—Melbourne, 1935-53 (inclusive). 
(f) Annual sunspot number. 


In regard to curve (4) of Fig. 5, the frequency of 4Mc/s was 
not available for use from London to Montreal in 1944 and 
1945, whereas it was used successfully in the opposite direction 
[curve (a)] for 12°7°% of time in 1944 and 10-2% of time in 1945. 
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Fig. 6.—Relationship between circuit performance and magnetic and 
solar activity (12 months’ running means). 


(a) Halifax—London. 

(b) Melbourne—Montreal. 

(c) Harman—London. . 

(d) Geomagnetic activity at Abinger, C values. 
(e) Solar activity. 
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Assuming similar usage in the direction London—Montreal, the 
performance in the two directions would have been substantially 
similar. Maximum interruption and minimum solar activity 
may not necessarily be coincident in time; for example, the 
performance of many difficult circuits had deteriorated appre- 
ciably by the middle of 1952 (see Fig. 6) simultaneously with a 
peak of magnetic activity, but recovered subsequently despite a 
continued decrease of solar activity. 


(3) SITING OF RADIO RELAY STATIONS 


The interruptions mentioned above refer only to the direct 
circuits concerned and can, of course, be materially reduced by 
the use of a suitably-sited relay station.! 


(3.1) Effect of Atmospheric Noise 


In attempting to avoid auroral zones in the selection of sites 
for relay stations, difficulties may arise owing to the higher noise 
levels associated with certain areas in temperate and equatorial 
latitudes. 

In this connection, investigations in the summer of 1935 and 
the winter of 1935-36 into the comparative merits of Ascension 
Island and Sierra Leone for a relay station for the London- 
Montreal route disclosed that improved signal/noise ratios were 
obtained at Ascension Island, particularly during summer nights.” 


(3.2) Effect of Sudden Ionospheric Disturbances 


Difficulties may also be encountered On non-auroral paths 
owing to high absorption of signal during daylight over the 
path as a result of sudden ionospheric disturbances.? This 
effect is greatest during years of high solar activity-since solar 
eruptions may give rise to prolonged periods of poor signal 
strength. Since this condition is essentially associated only with 
the sunlit hemisphere, facilities both for east- and west-about 
relay systems are advantageous owing to the complementary 
characteristics of the two directions. 

Interruptions due to sudden ionospheric disturbances increase 
seriously as the frequency in use is decreased; in consequence, 
full advantage should be taken of the fact that on many 
routes, such as Singapore-Colombo, frequencies of the order 
of 20Mc/s or above are suitable for a large proportion of the 
solar cycle owing to the proximity of such routes to the 
equatorial peak of critical frequencies, 

In such an event, not only would the interruptions from 
sudden ionospheric disturbances be reduced to a minimum, 
but the circuits would be much less susceptible to interference 
owing to (a) the higher realizable signal gains and signal/inter- 
ference ratios obtainable at these higher frequencies and (b) the 
fact that for many periods such frequencies would be in excess 
of those on which propagation could take place from sources in 
higher latitudes, e.g. Western Europe, to the receiving terminals 
in question. 


(4) ECHO SIGNALS 


Reference has already been made to the difficulties encountered 
in practice in regard to non-simultaneous sharing of individual 
frequency assignments, and although a limited degree of simul- 
taneous sharing is practicable, notably at the lower end of the 
h.f. band, it has been known from the earliest days of regular h.f. 
communication that difficulties may arise elsewhere in the band 
owing to the presence of backward and forward echoes which 
may occur under certain propagation conditions.* 5 


(4.1) Forward Echo 


Fig. 7 shows an example of forward-echo reception at Bridg- 
water, consisting of two consecutive dots A, transmitted from 
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Fig. 7.—Forward echoes on the Cape Town-London circuit. 
Transmission Cape Town, 18 660kc/s. 
Reception Bridgwater, Somerset, 31st October, 1938. 
(a) Triple echo: 1718 hours G.M.T. 


(6) Double echo: 1820 hours G.M.T. 
(c) Single echo: 1910 hours G.M.T, 


Transmitter quiescent during interval Aj, A>. 


Cape Town, together with a sequence of triple echoes (B,, C,, D ) 
of the main transmission as a result of the rays encircling the 
globe three times. The number of echoes progressively decreased, 
reception being restored to normal after about three hours. A 
limited number of measurements between 1700 and 1900 hours 
G.M.T. on 3lst October, and Ist and 2nd November, 1938, 
resulted in the following order of magnitudes of these echoes 
referred to the level of the first signal received: 


First echo . .—26dB 
Second echo —39dB 
Third echo —42dB 


The above effect may occur whenever the complete great-— 
circle path appropriate to the transmitting and receiving ter-— 
minals is mainly, or wholly, in twilight, and may pass unnoticed 
if multi-path effects are not excessive and if differential fading 
of the signals is sufficiently small to enable the receiver auto-— 
matic-gain-control circuits to suppress the echoes. 


(4.2) Backward Echo 


In contrast to the above, backward echo may continue for 
several hours and produce severe telegraph distortion. Fig. 8” 
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Fig. 8.—Effect of solar activity on reception conditions Java- Berlin, 
8-20 Me/s. 


(a) 1927-29: Sunspot maximum. 
(6) 1933-34: Sunspot minimum. 
G88 Unreliable periods. 
==== Presence of backward echo. 
(Extracted from C.C.I.R. Documents, Bucharest, 1937.) 


compares the unreliable periods due to this and other effects 
for the Java—Berlin route for a maximum and minimum epoch 
of the solar cycle. 

The Singapore-London route is very similar, and backward 
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short route are heavily absorbed owing to daylight, in 
‘\trast to the low absorption associated with the long route 
‘ier its night conditions. 

In the early days of h.f. radiotelegraphy, i.e. when it was 
“mal practice to use slow-speed Morse or revert to it when 
i h-speed signalling suffered from unacceptable distortion, echo 
ws readily detectable by aural methods. In these days, however, 
stems employing frequency-shift keying, and channelling in 
‘ms of time and/or frequency, render diagnosis of echo difficult 
e Fig. 11(4)j, and the signal distortion therefrom may be 
iributed to other causes, such as faulty transmission or inter- 
ence from unidentified sources, unless investigations are 
tied out by the use of special test signals and methods of 
seption such as moving film or undulator. Fig. 9(a) shows 
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‘g. 9.—Time relationship of short- and long-route signals computed 
for great-circle distances. 


H (a) 50-baud start-stop 5-unit code, Letter T, test signal. 
| (6) Singapore—London, distance 10 900km. 
(c) Colombo-London, distance 8 750km. 


ich a test signal with the 5SO-baud start-stop 5-unit code, which 
|in common use, where transmissions of a series of letter T’s 
sult in a convenient ‘‘spacing’’ period of 100 millisec. 

Figs. 9(6) and 9(c) indicate the computed time relationship 
f short- and long-route signals from Singapore and Colombo 
espectively, neglecting factors such as heights of layers and 
hodes of propagation; in practice, measurements suggest time 
elays of 61-63millisec for Singapore and 76—78millisec for 
Jolombo. ‘Measurements of the relative absorption of the 
ignals arriving by the short and long routes present difficulties 
wing to the absence of precise data regarding the polar dia- 
rams of the transmitting and receiving aerials in use and to the 
‘oor quality of signal which would result if non-directive aerials 
yere used at each terminal. Figs. 10(a) and 10(5) indicate a typical 
hange in the relative strength of the two signals from Singapore 
‘'s received on aerials directed towards the short and long 
outes, respectively. Fig. 10(c) is a typical example of echo 
rom Colombo, 

_ Difficulties of reception due to backward echo may be reduced, 
f not eliminated, by 

(a) Improving the front/back response of the aerials used for 
- transmission and reception. 

(b) Using over the short route as high a frequency as is prac- 
ticable, thereby improving the ratio of short-/long-route signal 
strength and even eliminating the echo completely where ionospheric 
conditions permit the use of a frequency in excess of the maximum 
appropriate to the long route (see Fig. 11). 

(c) Utilizing, during suitable periods, transmitting and receiving 
aerials directed over the long route. 


(5) ASYMMETRY OF PERFORMANCE WITH SEASON 


(5.1) Operational Results 


Asymmetry of performance with season in the two directions 
xf a given circuit has been in evidence for some considerable 


SAF 


(6) 


Fig. 10.—Relative receiver inputs for short- and long-route signals, 
reception in London and transmission from Singapore and 
Colombo directed in each case over the short route. 

(a) Singapore, 17 955kc/s, 1100 hours G.M.T., 15th November, 1952; receiver 


aerial directed 077° (short route). ’ 
(b) Singapore, 17 955kc/s, 1100 hours G.M.T., 15th November, 1952; receiver 


aerial directed 257° (long route). . ; 
(c) Colombo, 18 545kc/s, 1050 hours G.M.T., 30th June, 1949; receiver aerial 


directed 093° (short route). 
Signal via short route. 


Signal via long route. 


(a) 


(6) 


Fig. 11.—Comparison of reception on two different frequencies. 


(a) 24 340kc/s, negligible signal distortion. | 7 
(b) 20 170kce/s, distortion due to echo, multi-path, and noise effects. 


(Singapore—London, short route, 1200 hours G.M.T., 3rd May, 1948.) 


time, and an account follows of the performance of two main- 
line radio routes—Unite¢ Kingdom-South Africa and United 
Kingdom-—Australia—each of which is operated by two 
independent organizations. 

Even though it has not always been practicable to make 
comparisons over identical periods of the solar cycle, neverthe- 
less it is considered that the effects observed are real. 
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(5.1.1) United Kingdom-—South Africa (London—Cape Town and London- 
Simonstown). 

On the London-Cape Town circuit it was apparent in 1933 
that reception in London was below average in summer and 
above average in winter, and that the converse held in regard to 
reception in Cape Town. It was suggested at the-time that this 
asymmetry might result from the movement in Africa of the 
zone of maximum thunderstorm activity (and therefore the source 
of atmospherics) to the north in summer and to the south in 
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Fig. 12.Seasonal asymmetry of performance observed by two 
different organizations over the same route. 


(a) (c) Cape Town-London and London-—Cape Town, 
(inclusive). 

(6) (d) Simonstown-London and London-—Simonstown, 
(inclusive). 


1941-44 
1950-53 


respectively, 


respectively, 


winter. Figs. 12(a) and 12(c) show this asymmetry for the four 
years ending 1944. 

On the London-Simonstown circuit the later introduction of 
teleprinter operation has disclosed similar asymmetry [Figs. 12(5) 
and 12(d)]. 

A detailed analysis of the London-Simonstown circuit on a 
time basis showed that on this circuit the maximum discrepancy 
in performance in the two directions occurred during the period 
1800 to 0600 hours G.M.T. in summer, and a comparison with 
the London—Cape Town circuit over a number of years (see 
Figs. 13 and 14) showed close agreement in this respect, the 
effect, however, being somewhat less marked in the London— 
Cape Town case. The above period is known by measurement 
(Fig. 15) to be one for which the level of atmospherics in southern 
England in summer greatly exceeds that for winter. 

Atmospherics, multi-path effects and scattering, and inter- 
ference from unwanted stations are usually more prevalent on 
the lower frequencies used at night (see Fig. 16), and the sharper- 
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Fig. 13.—Diurnal asymmetry of performance observed by two differen 
organizations over the same route. 
(a) Cape Town-London circuit, summer 1940-44 (inclusive). 
(6) Simonstown-—London circuit, summer 1950-53 (inclusive), 


Se SS From London. 
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Fig. 14.—Diurnal asymmetry of performance observed by two different 
organizations over the same route. 

(a) Cape Town-London circuit, winter 1939-40 to 1944-45 (inclusiye). 

(6) Simonstown-London circuit, winter 1949-50 to 1953—54 (inclusive). 


----- From London. 
— To London. 
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Fig. 17.—Diurnal asymmetry of performance observed by two 
different organizations over similar routes. 


(a) Melbourne—London circuit, summer 1938-41. 

(6) Harman—London circuit, summer 1950-53. 
---- From London, 

To London. 
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(b) 


27. 
Fig. 16.—Comparison of reception conditions on high and low g 
frequencies (upper traces and lower traces respectively). oes 
(a) Simonstown—London (ICW), April, 1948. au 2 
(b) Halifax—London (FSK), March, 1948. Sx 
(c) Gibraltar-London (ICW), July, 1948. wo 18 
, aM ro) {5 
. . . Qo6 
beam aerials of the London—Cape Town circuit and the use £2 12 
thereon of synchronous (as distinct from start-stop) keying may a) 
account for the fact that this circuit is affected to a lesser degree eure 
than the London-Simonstown circuit. abe 
; i * s —S S ' 
(5.1.2) United Kingdom—Australia (London—Melbourne and London— 00 02 04 06 08 10 I2 14 16 18 20 22 00 
. Harman). HOURS GMT. 
The United Kingdom—Australia route presents eae me diffi- Fig. 18.—Diurnal asymmetry of performance observed by two different 
culties owing to contrasting day and night conditions; in general organizations over similar routes. 
no regular communication is possible, either over the short or (a) Melbourne-London circuit, winter 1937-38 to 1941-42 (inclusive). 
long route, in winter from about 2300 to 0600 hours G.M.T. (b) Harman-London circuit, winter 1949-50 to 1953-54 (inclusive). 


—-—-- From London, 


and to a lesser extent in summer around midday. Although To London. 
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there are significant geographical differences in route from 
Melbourne and Harman to London, asymmetry of performance 
with season is very similar in many respects (see Figs. 17 and 18), 
reception in summer in London being inferior to that at the 
Australian terminals notably between midday and midnight 
when the short route is in use, whereas in wintér, reception in 
London is superior for most periods of the day irrespective of the 
route in use. The effect was very pronounced in the sunspot- 
minimum period of 1944 (see Fig. 19). The difficulties at the 
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Fig. 19.—Diurnal asymmetry of performance of the London— 
Melbourne circuit in sunspot minimum. 
(a) Summer, 1944. 
(b) Winter, 1944-45. 


-—-—-- From London. 
To London. 


London terminals in summer are usually attributed to low signal 
strength and to atmospherics and interference from other 
. Stations. 


(5.1.3) Other Circuits. 


Asymmetry of this type has also been observed on the London— 
Colombo, London-Singapore and Montreal—Melbourne circuits, 
and an analysis of the last-mentioned circuit covering 19 years is 
shown in Fig. 20.. These examples suggest that such asymmetry 
may be characteristic of other medium- and long-distance circuits. 

Unless cognizance thereof is taken, assessments of the per- 
formance of new equipment, methods of keying, etc., introduced 
in one direction of a given circuit, may be erroneous if based 
on a comparison with ‘the performance in the other direction, 
in which the equipment has remained unchanged. 


(5.2) Possible Reasons for Asymmetry Effects 


A thorough investigation of the reasons for asymmetry effects 
such as those described in the previous Section has not been 
carried out because it would necessitate making measurements 
of various kinds which are not practicable in a commercial or 
military communication organization. There is, howevér, a 
tendency to attribute the observed effects to non-reciprocity in 
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Fig. 20.—Seasonal change in performance illustrating the asymmetry 
of the Me!bourne—Montreal circuit. 
1935-53 inclusive. 


To Montreal. | 
—--- From Montreal. 


the propagation of radio waves in opposite directions and @ 
resulting difference in the signal strength at opposite ends of the 
circuit, even assuming the terminal equipments to be identi 

To prove the existence of non-reciprocity in the strict s 
of the word would require accurate absolute measurements 
the field strength to be made simultaneously at both ends of the 
circuit. It is doubtful whether such a measurement could bi 
made to an accuracy of better than 3dB, and hence it would be 
difficult to detect with any certainty a difference of less than 6dB 
between the field strengths at the two terminals of the circuit 
Consequently it would be difficult, in any particular case, to 
prove experimentally that long-term asymmetry was due to any- };, 
thing other than differences in the terminal equipment or its)}, 
utilization. 

It is important to recall that in some instances there is a 
seasonal change in asymmetry which is superposed on thé 
long-term asymmetry. While long-term asymmetry might be 
explained in terms of permanent differences in the efficiency of 
the equipment and personnel, it is very unlikely that such am 


metry. It is therefore necessary to give some consideration 
other possible reasons for the observed effects. 


(5.2.1.) Ionospheric Propagation. 

Long-distance circuits necessarily involve several reflections 
from the ionosphere. It has therefore been suggested that the)) 
asymmetrical effects just described might owe their origin to | 
non-reciprocity in propagation through the ionosphere. It is 
difficult to conceive how this might occur, except possibly as : 


is very little sufficiently well-controlled experimental evidence to 
throw any light on the magnitude of any non-reciprocal effects 
which may exist. 


Kingdom may, although they are usually identical, differ appre- 
ciably at the opposite ends of the circuit. Consequently the 


eliminated, but no estimate can be given of the magnitude of 
any such effect which may exist. 


(5.2.2) Atmospheric Noise. 

Even if it is assumed thatthe received signal’ strengths at the’ 
terminals of a long-distance circuit are the same, there may still 
be a marked difference in the atmospheric noise signal appearing 


ajhe respective receiver inputs. The consequent difference in 
\ial/noise ratio may be large enough to lead to a difference in 
ti} performance of the circuit in opposite directions. It is not 
Jerally appreciated, however, that when directional receiving 


¢ 


tials are used it is not possible to predict the noise level at a 
/2iving site by making use of the usual contour charts showing 
mise grade. Most of the important commercial and military 
aimaits use directional aerials for transmission and reception, 
® although a gain in signal/noise ratio will always result from 
4 use of an appropriate transmitter beam aerial, this does not 
wlessarily follow when a beamed receiver aerial is used. 
The noise level at a receiving site is usually measured using a 
vitical receiving aerial having substantially omnidirectional 
hracteristics. Alternatively, in the absence of measured values, 
ilis usual to estimate the total field due to all thunderstorm 
ehtres likely to produce an important contribution. Both pro- 
tures are equivalent to integrating the noise power received 
‘ym all directions, and the total power obtained in this way is 
t used in producing the well-known noise-grade charts. When 
‘directive receiving aerial is used, only those storm centres 
nich lie in the direction of the main beam or side lobes can 
rc an important contribution to the total received noise power. 
ne total noise power received using a directive aerial may be 
jeater or less than that for a non-directional aerial, but provided 
wt the main beam of the directive aerial is correctly aligned for 
wanted signal, there will be no reduction in signal/noise ratio. 
is conceivable, however, that when the wanted signal lies in a 
jrection approximating to that of a storm centre covering a 
jirly wide range of bearings, a small difference between the 
‘rection of arrival of the signal and the axis of the main beam 
ight lead to a serious drop in the strength of the wanted signal 
ith no accompanying drop in received noise power. 
} Unfortunately, no systematic measurements have been made 
the directions of arrival of atmospheric noise as a function 
time for different locations and on different working fre- 
uencies. Furthermore, it would be difficult to make reliable 
stimates of these from the available data on thunderstorm 
mtres. Data from Somerton suggest that atmospheric noise 
aay be the cause of the asymmetry observed on the United 
ingdom-South Africa circuit, but in the absence of suitable 
‘ata from South Africa, the evidence cannot be taken as 
onclusive. 


5.2.3) Ray Paths. 

If it is assumed that the aerials at the terminals of a radio 
ircuit are identical and that the ionospheric reflecting layers are 
orizontal, even if there is a seasonal change in the angle of 
cidence of the radiation, the effective gain of the receiving 
erials will change in the same way at both terminals and no 
isymmetry effects will be produced. If the vertical polar dia- 
‘rams are not the same, a seasonal change in the angle of inci- 
lence could lead to a seasonal change in the difference between 
he effective aerial gains at the terminals. Owing to the existence 
f tilts in the reflecting layers, it is possible that the angles of 
rrival at opposite ends of a circuit may be different; under 
hese circumstances asymmetrical performance, both long-term 
nd seasonal, could occur even if the vertical polar diagrams of 
he aerials at the terminals were identical. 

Very little information on the angle of elevation of radiation 
rom distant transmitters is available because of the difficulty of 
naking reliable measurements; furthermore, no measurements 
re known to have been made simultaneously at both ends of a 
ircuit. However, in view of the tilts which must exist in the 
eflecting surfaces along a multi-hop circuit, it is difficult to 
lieve that the angles can be the same at both ends of such a 
ircuit to within a few degrees. The bottom lobe of the rhombic 
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aerials frequently used in practice is fairly wide, and a small 
change in the direction of arrival of a ray near the peak of the 
lobe would not alter the effective gain by very much. However, 
there is some evidence for believing that on some circuits the 
radiation arrives at a lower angle than had hitherto been thought 
likely. If such rays are, in fact, being received on the sloping 
lower side of the bottom lobe, small changes in incident angle 
could be responsible for quite large changes in effective gain 
and might lead to asymmetry. It is unlikely that there would 
be a compensating change ih the effective gain for atmospheric 
noise, since this is probably received over a much wider range of 
angles of elevation. 


(6) MISCELLANEOUS PROPAGATION EFFECTS 
(6.1) Maximum Latitude of Ray Path 


Investigations carried out notably in Japan? and the United 
States’ have shown the advantages to be gained by a reduction 
of the maximum latitude of ray path during: magnetically dis- 
turbed conditions. 

As a result of extensive measurements of field intensities of 
European transmitting stations in Japan, the main transmitting 
and receiving installations in the vicinity of Tokyo were re-sited 
in 1936-37, reducing the maximum latitude of ray path, in the 
case of the London circuit, as follows: 

(a) In the direction London-Tokyo from 71°34’ to 69°23’, 

(b) In the direction Tokyo—London from 72°00’ to 70°31’. 
Subsequent intercomparisons of circuit data throughout 1938 
indicated that, during certain periods of magnetic disturbances, 
communication was confined to the direction London-Tokyo. 

From similar considerations it follows that under disturbed 
conditions reception in the United Kingdom of transatlantic 
signals will be least affected in southern England, and likewise 
the reception in the United Kingdom of New York will be 
superior to that of Montreal. If the radio installations were 
actually in the centres of New York, Montreal and London, the 
maximum latitudes of ray path would approximate to 53°30’ and 
55°00’ for the New York and Montreal routes, respectively. 


(6.2) Propagation by M Reflections 


During the period of relatively high solar activity of 1936-39 
the Buenos Aires-London circuit was operated over the long 
route on 17Mc/s for about four to six hours centred on 
1400 hours G.M.T. throughout the equinox and winter months 
to obviate the effects of backward echo on the short route 
[Section 4.2(c)]. This procedure was facilitated by the existence 
of suitable aerial arrays at Buenos Aires and London directed 
on Tokyo. It is of interest to note from Fig. 21 that, from 1200 
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Fig. 21.—Comparison of frequency usage over the whole and part of 


the Buenos Aires-Tokyo-—London route. 
Winter, 1936-37. 
aan Period when the frequency of 17 Mc/s was in regular use. Buenos Aires-London 


long route. 
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to 1600 hours G.M.T. in the winter of 1936-37, the Tokyo-— 
London circuit required frequencies significantly lower than 
17 Mc/s, which was regularly used on the Buenos Aires—London 
long route passing near to Tokyo. The similarity in geographical 
disposition of these two routes appears to be inconsistent with 
the large difference in frequency usage for the period in question. 
The subsequent installation of the required high-gain aerial 
equipment suitable for frequencies of the order of 27M¢c/s 
[Section 4.2(b)] made the use of the long route unnecessary. 

Another instance of the same phenomenon can be cited for 
the London—Melbourne path. Between approximately 1900 
and 2300 hours G.M.T. in winter, Melbourne signals on 11 Mc/s 
have been readable at Barbados (long route over London) at 
times when this frequency has been too high for the Melbourne— 
London section.! 

The fact that such circuits have sections exceeding 4 000km in 
length requiring frequencies significantly lower than those used 
over the entire circuit tends to support the use of the two-control- 
point method of computing maximum usable frequencies, and 
suggests the possibility in such cases of propagation by M 
reflections in the ionosphere. 


(7) CONCLUSIONS 


It would appear that,;no complete explanation of some of the 
effects described is possible in the absence of a better under- 
standing of the mode of propagation between transmitter and 
receiver, and of the directional properties of atmospherics. 

Moreover, whilst considerable improvements have been 
introduced in the field of terminal equipment, relatively little 
progress has been made in regard to the determination of optimum 
angles of projection and the most efficient design of receiving 
aerial. 

By restricting transmission and reception as far as practicable 
to optimum trajectories, not only would the present congestion 
in the h.f. bands be reduced, but the quality of reception would 
be improved as a result of a reduction of multi-path effects and 
of interference from atmospherics and unwanted transmissions. 


DISCUSSION BEFORE THE RADIO SECTION, 9TH FEBRUARY, 1955 


Mr. F. Axon: The present time is most appropriate for the 
presentation of these very interesting papers. We enter a new 
sunspot cycle in much the same spirit as we enter a new year— 
confident that we shall be able to make better use of the spectrum. 
The commencement of each cycle produces this same optimism, 
but as the cycle progresses we realize more and more how little 
‘we know and how difficult this problem of h.f. propagation 
really is, and sometimes we wonder whether we are making any 
real progress. 

There is, however, ample reassuring evidence to show that, so 
far as h.f. broadcasting is concerned, the percentage of circuit 
reliability has improved steadily, firstly because more reliable 
forecasts of critical and usable frequencies are now available, 
and secondly because we are able to take advantage of operational 
experience. 

The B.B.C. has a fairly good record of the effects of distur- 
bances on the North Atlantic circuit, which correlates very closely 
with the findings on the general trends given in the paper by 
Messrs. Jowett and Evans. The main difference is one of degree. 
Possibly the explanation lies in the range of frequencies available 
to the two types of service and the relative spacing of the bands. 
The broadcasting service is often tied to a fixed frequency, 
published some weeks beforehand. For example, the broadcast 
service might well have been operating at around 15 Mc/s at the 
time of the disturbance, whereas the point-to-point setvice 
operated at around 17 or 19Mc/s. Again in sunspot minimum 
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the lowest band which the European broadcaster can use te 
serve North America is 6 Mc/s; when that is affected by distur- 
bances there is no reserve, and therefore he could not assess thé |}, 
effects of using a lower frequency. : 

This points to the necessity for a more scientific yardstick to) 
measure the effects of these disturbances, and perhaps there is 
a need for one experimental circuit operating close to the pre 
dicted m.u.f. throughout the 24 hours. 

I do not think that we should go through another sunspot 
cycle without attempting to plan short-wave broadcasting. One 
of the biggest obstacles in the past to such a plan has been the 
lack of data of the kind given in these papers. At each successive 
conference we find the frequency requirements of the various 
countries increasing. One reason, and a very important one, is 
or has been the lack of confidence in predictions; another reason 
has been lack of confidence in the ability to forecast disturbances 
The result is often the use of two or three frequencies in different 
bands in order to act as an insurance against faulty predictions 
and disturbances. For these reasons many countries require 
three frequencies in three separate bands. It is only when we 
have sufficient data of the type given in the papers that we shall 
be able to convince all countries that there is not much benefit 
from these spectrum-wasteful practices. We have evidence in 
the papers that even on a commercial circuit, where it is possible 
to change the frequency and use 2-way point-to-point communi- 
cation to decide the best frequency, one can lose 30% of the 


fe during the peak listening period for broadcasters. If it is 


»\tinuing to radiate on three frequencies. I hope that we shall 
»/ntually evolve a system which will close down the transmitter 
iting a severe disturbance rather than waste valuable power. 

|t has been made clear by Messrs. Jowett and Evans that their 
per presents a subjective analysis carried out on operational 
cuits. However, do the authors consider that the use of a 
vond supporting frequency would, in fact, increase the total 
ircentage time of reliability on this circuit, because if not, that 
ity be quite a step forward? If, in fact, the broadcaster does 
\t obtain any additional guarantee of percentage of time of 
jiability, he will realize that there is no point in using a sup- 
irting frequency. 

In examining the data, which must have been fairly extensive, 
lve the authors derived any ideas on whether the commercial 
i-cuits examined were working close to the optimum predicted 
quency? I believe that it is the general practice, in broad- 
sting at least, to have a supporting frequency at a band below. 
eat the circuit began to fail, was it possible to drop the 


| 


uency by 1 or 2 Mc/s and maintain the circuit, or did that 
ve no effect? 
‘Mr. G. Millington: Most of the propagation data used in 
sessing the performance of h.f. communication systems are 
sed on vertical-incidence measurements made at a large num- 
x of ionospheric observatories. The papers are a reminder 
at some of our knowledge of the ionosphere, as it affects long- 
stance h.f> circuits, has been obtained from traffic records. 
\eference has been made to the fact that it is sometimes possible 
> receive a transmission from Melbourne at Barbados when it 
annot be heard at London, and it was the consideration of such 
“nomalies that led Tremellen to propose the control-point method 
f deciding the m.u.f. for such circuits. Although it is empirical, 
| has become internationally recognized, since no satisfactory 
‘lternative explanation exists that is based on the conversion 
rom vertical- to oblique-incidence behaviour. 
| With regard to conditions at sunspot minimum, there are two 
ffects that combine to make propagation difficult at times of 
agnetic disturbance, namely the low value of the m.u.f., which 
ay approach the l.u.f. and leave no margin between for com- 
junication, and an increase in the magnetic activity itself due 
‘0 M-regions on the sun in the sunspot-minimum epoch. I 
resume that the latter factor is primarily responsible for making 
ommunication difficult as compared with the sunspot-maximum 
ears rather than the greater susceptibility to any particular 
agnetic storm. 
| I am not convinced that the evidence presented for non- 
reciprocity refers to the reciprocity theorem as usually understood 
in propagation theory. The readings on the graphs are given 
percentage of time, and it is not obvious what they mean in 
terms of field strength. Moreover, does the apparent non- 
reciprocity refer to the m.u.f. or the l.u.f.? As the earth’s field 
renders the ionosphere doubly refracting, it is necessary to give 
careful consideration to the characteristic polarizations of the 
ordinary and the extraordinary modes in stating the reciprocity 
theorem. I feel that we need to know more about the actual 
terminal conditions for the circuits before we can conclude that 
the propagation is really non-reciprocal. 

With regard to the use of more than one frequency for a given 
circuit, what is the authors’ opinion, on purely technical grounds, 
of the desirability of making frequent frequency changes in order 
to remain close to the m.u.f., as opposed to the practice of 
making as few changes as possible and using more power if 
necessary to overcome absorption difficulties ? 
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Mr. A. F. Wilkins: During the past 30 years or so a con- 
siderable quantity of scientific information concerning long- 
distance h.f. propagation must have been accumulated by 
communication organizations. Such information, much of 
which has not been published, would be of great interest to those 
who are investigating the mechanism of propagation of high- 
frequency waves, and for this veason I welcome the papers. 

Messrs. Humby, Minnis and Hitchcock refer to the pheno- 
menon of reception in Barbados of signals from Melbourne 
which had passed unheard over London. Similar phenomena 
have been observed recently at the Radio Research Station while 
using the back-scatter technique for investigating h.f. propaga- 
tion. In this technique pulse-modulated h.f. waves are trans- 
mitted from a directional aerial; after reflection by the ionosphere 
the waves arrive at the ground at a distant point and are there 
scattered by irregularities. Some of the scattered energy returns 
to the vicinity of the transmitter and is receivable on the same 
aerial. Fig. A shows a portion of an equivalent path/time record 


EQUIVALENT RANGE, km 


| | 


| | 
1610 1620 1630 1640 


TIME HOURS, GMT 
Fig. A.—Continuous range/time record of back-scattered echoes 
received at Slough on 17th December, 1954. 


Frequency—19 Mc/s. 
Aerial—Rhombic directed 142° east of north. 


1 | 
1550 1600 


of back-scattered echoes in which those at about 2000km range 
are scattered from the edge of the skip zone for F2-layer trans- 
mission; the echo band at about 6500km range probably corre- 
sponds to scattering at the ground after a 2-hop trajectory by 
way of the F2-layer. It will be seen that the echo at 10000km 
range persists for some minutes after the fade-out of the other 
echoes, and this fact leads to the conclusion that the signals 
would have been audible at 10000 km (i.e. south of Madagascar) 
when inaudible at shorter ranges. 

As one of the important requirements for successful h.f. com- 
munication is that the F2-layer ionization density shall 
be adequate to reflect waves of the frequency in use, I suggest 
that it would have been more satisfactory if Messrs. Jowett and 
Evans had related the lost time to an ionospheric rather than a 
magnetic index. Such an index might have been derived from 
measurements of F2-layer critical frequencies made near the 
great-circle path of the signals. In this way it would have been 
possible to show why the lost time may be large during quiet 
magnetic conditions at sunspot minimum as well as during storms. 

In Section 3.2.4, Messrs. Jowett and Evans suggest that a 
discrepancy in the variations of lost time with magnetic con- 
ditions on the Montreal—London telegraph and telephone circuits 
may be attributable to differences in the characteristics of the 
acrials used in the two systems. This suggestion might have been 
more convincing if the authors had added some information on 
how these aerial characteristics differ. 

It would be of interest to know how much of the lost time on 
the direct circuits considered by the authors was recovered by 
the introduction of relay working. 

Mr. H. Stanesby: The papers are very interesting and no doubt 
contain data of value to students of the ionosphere in the sense 
that all scientific knowledge is valuable. But we may ask 
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Fig. B.—Analysis of the performance of the New York—London telephony circuit (high-power system using m.u.s.a. 
reception) for September, 1953. 


————— Commercial. 
———— Order wire. 
Sh eh Unusable. 
Commercial for more than 80°% of the operating days. 
GZ Commercial or order wire for more than 50 °%, but commercial for less than 80%, of the operating days. 
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ether they have any engineering value. What is the signifi- 
oiice of a paper like that presented by Messrs. Jowett and Evans, 
ich relates the performance of North Atlantic circuits to solar 
imagnetic data? First, the paper shows that we must expect 
} performance to vary greatly not only throughout the year, 
wth poorest results near the equinoxes, but throughout the 
§aspot cycle, with worst results near sunspot minimum. This 
jof great value to operating organizations, because it tells them 
sien they should mobilize their resources to deal with the most 
¢ficult conditions. Moreover, by relating circuit performance 
{more fundamental data like magnetic and solar activity, know- 
ig the latter, the performance can be checked at any time, and 
+ can see whether changes in plant and operating methods 
i; having a beneficial effect. Papers like this are essential if 


i 
|ing-distance radiocommunication is to be improved, and it 
‘ould be helpful if wider use were made of an agreed method 
) Tepresenting circuit performance. A method which is coming 
‘to use on many of the circuits operated from this country is 
own in Fig. B. The day-by-day behaviour on each frequency 
‘shown for a month on a single diagram, and the performance 
Dy telephony is graded as “commercial,” ‘order wire’ or 
unusable”; while for telegraphy it is graded as “slips once,” 
slips twice’’ or “unreadable” for speeds not less than 100 words 
er minute. The overall performance for the month is sum- 
jnarized in the two lower sections of the diagram. 
|The paper by Messrs. Humby, Minnis and Hitchcock is 
jifferent, since it draws attention to a number of phenomena 
evealed by studies of circuit performance. Attention is drawn 
‘> the asymmetrical performance of certain radio circuits, par- 
icularly that between London and Melbourne. Our own more 
jetailed studies confirm their findings, but show that asymmetry 
virtually confined to the short route. The long route is almost 
sompletely symmetrical. We have found, with the co-operation 
of the D.S.I.R., that, when reception in the United Kingdom is 
worse than in Australia, the noise in the United Kingdom is up 
‘o 13dB higher than that in Australia, and as the receiving 
terials are orientated towards regions of high noise, we think 
shat noise is at least partly responsible for the asymmetry. In 
iddition, we have made carefully controlled tests to find out 
whether ionospheric absorption over a radio path depends on 
the direction of transmission, whilst ensuring that when the 
efor of transmission is reversed there is no change of aerial 


‘performance at either end. We did this by using the same aerial 
for transmission and reception. With the co-operation of the 
‘Overseas Telecommunications Commission (Australia) we carried 
out tests with Australia in which the direction of transmission 
was reversed at 2min intervals, and we computed the mean 
transmission loss for each interval separately. We found that 
‘on some days transmission was substantially reciprocal; while 
‘on other days it was persistently non-reciprocal to the extent of 
as much as 8 or 10dB. Substantially similar results were ob- 

ined across the North Atlantic with the co-operation of the 
American Telephone and Telegraph Company. The tests were 
of comparatively limited duration, and it happened that over 
both routes, when non-reciprocal conditions prevailed, the loss 
was usually less for signals incoming to the United Kingdom. 
However, it is difficult to believe that, on the average, the loss 
in one direction would exceed that in the other. It is to be 
hoped that the non-reciprocity of radio circuits will be studied 
further by ionospheric physicists. 

Mr. H. F. Finch: It has been shown in the papers that there 
is a strong correlation between the losses on the transatlantic 
transmissions and the Abinger magnetic index, K. In Figs. 1 
and 2 of the paper by Messrs. Jowett and Evans the seasonal 
correlation is quite marked, and there is also a correlation with 
the solar cycle. Another correlation, which is not specifically 
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mentioned but which may be of interest, is in the diurnal 
variation. It is stated that the losses are heaviest between 2100 
and 0600 hours. If we plot the mean value of K for each of the 
separate eight 3-hour intervals taken over a period we find a 
very definite diurnal variation in the form of an approximate 
sine curve with a maximum at about 2000 hours. The local 
K-indices for other stations give similar curves, which shows 
that there is a local time effect. The maximum varies slightly 
in time; Cheltenham (Maryland, U.S.A.) shows it at about 2100 
hours local time, or 0200 G.M.T. This suggests that over the 
Atlantic the period of maximum magnetic activity lies somewhere 
between 2000 and 0200 hours G.M.T., which may provide a 
further instance of correlation of losses with magnetic activity. 

Messrs. Jowett and Evans refer in their paper to a study of 
magnetic activity and sunspot number. The index used in this 
study was not K, but U, based upon the day-to-day differences 
in the mean value of the horizontal intensity, H. The reason 
that the K-index does not show the correlation to so marked 
a degree is that we can get the same mean K-index from a 
series of moderately large values as from a mixture of large 
and small ones. During the period around solar maximum 
great storms are interspersed with quiet periods. Recently, 
preceding the solar minimum, we have had a large number of 
prolonged recurrent storms in which the level of activity has not 
been really high, but apparently high enough to be associated 
with the losses. Thus, using the K-index, we get a magnetic- 
activity curve which, in the mean, is rather flat taken over the 
solar cycle but which correlates extremely well with the losses. 

That losses continue after periods of severe activity, even when 
the K-index has resumed normal values, is of interest. Magnetic 
activity is usually accompanied by a depression in the mean 
value of H, and after a severe storm it is some days before the 
mean value of H is restored to normal, although little disturbance 
is apparent. This has been used as evidence of the existence 
of a ring current outside the earth at a distance of several earth’s 
radii; but here we have evidence from radio observations that 
something is happening in the ionosphere which seems to coincide 
with the post-perturbation period when the value of H is low. 

Dr. R. L. Smith-Rose: In view of the importance of the subject- 
matter contained in the papers it is desirable to consider exactly 
the manner in which the material and, in particular, the results 
are presented. I tried to compare a curve from one paper for 
a particular circuit with a curve for a similar circuit in the other 
paper, and I found that they were 180° out of phase. One paper 
refers to the characteristics of circuit performance, while the 
other emphasizes the facts relating to lost time. 

I merely wish to emphasize the importance of agreeing on 
some uniform and easily-assimilable manner of presenting the 
data. The matter is not merely of national importance, it is 
bound to arise in international discussions, and it would be very 
creditable if we set an example in the presentation of material. 

Messrs. Humby, Minnis and Hitchcock mention the impor- 
tance of studying the angle of arrival of radio waves, and if 
possible, taking advantage of this knowledge, while in the paper 
by Messrs. Jowett and Evans, one at least of the circuits refers 
to reception on a steerable array. What improvement is 
obtained by the use of the m.u.s.a. system? 

Can Messrs. Humby, Minnis and Hitchcock explain the 
difference in attenuation of the round-the-world echoes men- 
tioned in Section 4.1? Apparently the first set of signals passes 
round the world with an attenuation of 13 dB, and on the second 
time round it suffers an attenuation of only 3dB. Is this a 
general result, and is there some simple explanation, or alter- 
natively is it a curious phenomenon which may deserve more 
detailed investigation later? 

Mr. H. Leigh: In both papers, suggestions are made as to how 
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the percentage commercial time might be increased, and it may 
be of interest to know how the Post Office have followed up two 
of these points on one of the North Atlantic telephony systems. 

The great-circle path from New York to London passes 
uncomfortably close to the northern auroral zone, and we have, 
since 1952, made use of an experimental relay to divert the route 
southwards, using plant which was available in the Cable and 
Wireless, Ltd., station in Barbados. The time lost on the direct 
route is mainly during winter nights; at times of low sunspot 
activity the night-time performance drops from about 90% 
commercial time in summer to below 20% in winter, despite 
the fact that the system is equipped with high-power senders at 
both ends and has m.u.s.a. reception. The relay has low-power 
senders at three of the four stations, and the aerials have not been 
specially designed, but we have succeeded in getting roughly 
twice the commercial time from it during winter nights compared 
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Fig. C.—Seasonal change in performance of the Montreal—London 
telegraph circuit for the period 1933-52. 
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1933, -34, -42, -43, -44, -45, -52 (Sunspot number—35 or below). 
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Fig. E.—Diurnal performance of the Montreal-London radiotelegraph circuit and associated relays (Ascension and Barbados) 
under disturbed ionosphere conditions. 
(i) Mean performance during disturbed days February, March, April and September, 1946. 
Mean sunspot number = 77. 
Mean Abinger C-value = 1:65. 
(ii) Mean performance during disturbed days,September, October and November, 1953. 


Mean sunspot number = 12: 
Mean Abinger C-value = 1:17 
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with the direct circuit, and even greater commercial time woul 
have been obtained had we been able to find interference-fres 
frequencies. 2 

Messrs. Jowett and Evans make the suggestion that an aert 
for the North Atlantic route should be designed for a maximut 
efficiency at a vertical angle of 15° or less, and this, at the wint 
night frequency of 5 Mc/s, is somewhat difficult to attain with | 
a rhombic aerial, but in 1951 we tackled this problem by bui 


over the normal rhombic aerial used, and at low angles, a relativ 
gain considerably larger than this. In 1954, the Americat 
Telephone and Telegraph Co. followed suit and built two suck 
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ombic aerials, one for transmission and one for reception; 
Jese aerials have a 1000ft side and are 100ft high. A series 
j/ measurements at 5 Mc/s made in March, 1954, showed that, 
{ith a low-angle transmitting rhombic aerial in the United 
ingdom working to a low-angle receiving rhombic aerial in the 
nited States, the receiver input voltage at midnight G.M.T. 
reraged some 24dB, and at 0400 hours G.M.T. reached over 
)dB—higher than that of a similar system with normal-sized 
iombic aerials. Averaged over a large number of observations 
le gain was about 27dB. This is a very considerable gain and 
as resulted in a marked improvement in performance during 
le present winter. Some of this improvement is no doubt due 
) improved propagation conditions, but I think that at least 
alf of it may be attributed to the new aerials. 

Mr. J. A. Smale: Messrs. Jowett and Evans state that it is 
uring sunspot minimum, and particularly at night time in 
‘inter, that by far the greatest lost time occurs. Fig. C shows 
ne seasonal change in performance of the Montreal-London 
slegraph circuit for a considerable number of years of high and 
yw sunspot activity. It will be seen that at both levels of solar 
ictivity the most difficult times are at the equinoxes and not in 
he winter. Perhaps Messrs. Jowett and Evans mean that the 
veriod centred on the winter is worse than that centred on the 
Cine 

/ In Section 4.1 the period 2100-0600 hours G.M.T. is men- 
ioned as being generally the most difficult from the point of 
fiew of transatlantic radiocommunication—an opinion which 
ay result from the closing of the Montreal—London telephone 
ircuit at 0600 hours G.M.T. Fig. D illustrates typical diurnal 
haracteristics of the telegraph circuit and shows that the worst 
riod of the day is centred on approximately 0730 hours G.M.T. 
ind is not the period 2100-0600 hours G.M.T. 

I think that this has some effect on Fig. 2 and Section 3.2.4, in 
which it is pointed out that, whereas in 1950-51 and 1951-52 
he telegraph circuit had a pronounced dip in lost time in the 
vinter, the telephone circuit does not appear to have this effect. 
think it is likely that, if the whole 24 hours had been taken into 
iccount and the early morning added to the results, the dip 
vould have been very prominent in the telephone results as well, 
ind there would be no need for an effort to find an explanation 
yased on the difference in aerials. 
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Mr. Leigh has given some very interesting figures of time 
recovered on the New York—London radiotelephony circuit by 
the use of a relay at Barbados. Fig. E shows the very marked 
effect which can be obtained by the use of relays on the Montreal— 
London telegraph circuit. It is of particular interest in that it 
illustrates the difference in the performance and value of relays 
under different conditions of sunspot and magnetic activity. 

Mr. A. M. Humby: The opinion expressed by Mr. Smale (and 
illustrated in Figs. C and D) that the greatest difficulties in regard 
to the operation of the Montreal-to-London telegraph circuit 
occur in spring of sunspot-minimum years and after 0600 hours 
G.M.T., is equally applicable, in my view, to other transatlantic 
radiotelegraph circuits, e.g. from New York and Halifax to 
London. : 

In this connection Fig. F illustrates the performance of the 
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Fig. F.—Performance of the Admiralty Halifax-to-London teleprinter 
circuit for the spring months (February, March and April) of the 
years 1950—54 (inclusive). 


Admiralty Halifax-to-London teleprinter circuit for the spring 
months of the years 1950—54 (inclusive), ic. years of relatively 
low sunspot activity. 

As will be seen, the spring period from about 0600 to 0930 
hours G.M.T. was one of extreme difficulty—a fact which would 
seem to conflict with statements in the Summary and Section 4.1 
of the paper by Messrs. Jowett and Evans. 


THE AUTHORS’ REPLIES TO THE FABOVE?DISCUSSION 


Messrs. J. K. S. Jowett and G. O. Evans (in reply): Messrs. 
\xon and Millington both raise the question of whether the 
ircuits considered were working close to the optimum predicted 
requencies. Within the limits set by the restricted frequency 
complements, the circuit operator does tend to follow fairly 
losely the m.u.f. curves for the North Atlantic circuits. This is 
nore particularly true, of course, during the winter night-time 
onditions at and near sunspot minimum when the greatest 
lifficulties in circuit operation usually arise. Mr. Axon also 
sks whether the use of a supporting frequency would improve 
ircuit reliability. We do not, in general, consider that the 
eliability would be improved, but under disturbed conditions 
t might be useful to bring the day-to-night transition frequency 
nto use an hour or so before the predicted fade-out time of the 
lay frequency. This would give the broadcaster some protection 
gainst the early fade-out of the normal day frequency. The 
lata for 19th September in Fig. B illustrate this point. 

In reply to Mr. Millington, the factor primarily responsible 
or making communication difficult around sunspot minimum 
; the disturbed ionospheric conditions shown by the high 
legree of magnetic activity. In other words, in the absence of 
onospheric disturbances the circuit time lost need not be high 


even under sunspot minimum conditions when there is only a 
small margin between the m.u.f. and l.u.f. This has been con- 
firmed from a study of recent records on a transatlantic circuit. 

Mr. Wilkins suggests that we should use an ionospheric index 
rather than a magnetic index. The difficulty here is in selecting 
the most appropriate ionospheric observatory. We have fre- 
quently had severe interruptions on North Atlantic circuits when 
there has been little evidence in the Slough records of an iono- 
spheric storm. Mr. Wilkins’s queries on the use of relays are 
covered by the comments of Messrs. Smale and Leigh. 

In Fig. B Mr. Stanesby has shown a shadowgraph form of 
analysis which is now being adopted, not only in this country, 
but also by some Commonwealth countries, and we share his 
view that a generally agreed method of representing circuit 
performance is desirable. The development of such analyses 
goes some way towards meeting Dr. Smith-Rose’s plea for a 
uniform manner of presentation of such data. However, there 
is a distinct advantage, in some forms of analysis, in referring 
to lost time rather than to commercial time. In further reply 
to Dr. Smith-Rose, we think that the use of the m.u.s.a. system 
of reception effects a reduction of lost time on the New York- 
London circuit of about one-third. 
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The evidence that Mr. Leigh has put forward indicating the 
need for transmission at low angles at low frequencies to cover 
winter night conditions at sunspot minimum is of considerable 
interest. We are grateful also to Mr. Finch for drawing attention 
to the differences between the various magnetic indices; his 
remarks on the local time variations of magnetic activity suggest 
further lines of investigation of the relation of circuit inter- 
ruptions to magnetic disturbances. 

In reply to Mr. Smale, we agree that the Montreal telegraph 
circuit shows the greatest amount of lost time at the equinoxes, 
but, for the two telephone circuits considered, the most difficult 
period is centred upon winter and includes the equinoxes. 
Messrs. Smale and Humby question the statement that 2100- 
0600 hours G.M.T. is the most difficult period for transatlantic 
communication, although their own Figs. D and F show a 
very marked decline in performance from approximately 2100 
hours G.M.T. The period centred on 0730 hours G.M.T. 
is certainly very difficult but is a normal feature of the cir- 
cuit under quite ionospheric conditions, as indicated in curve 
(i) of Fig. D. Furthermore, this period shows regular seasonal 
variations which are probably due to the very low m.u.f. at 
the western end of the circuit just before dawn rather than to 
the disturbed conditions which have been the main subject 
of the paper. 

Messrs. A. M. Humby, C. M. Minnis and R. J. Hitchcock (in 
reply): In our explanation of the terminology used, we have 
been careful to distinguish between non-reciprocal propagation 
and asymmetrical circuit performance. As Mr. Millington 
rightly suggests, any violation of the reciprocity theorem could 
only be demonstrated in terms of measured field strengths. 
The data which we have presented in Section 5 all refer to 
asymmetry in the operational performance of certain circuits as 
measured by, for example, percentage time commercial. The 
seasonal changes in asymmetry, to which we have drawn atten- 
tion in Figs. 12 and 20, show that it is unlikely to be due simply 
to less efficient operation of the equipment in one direction. 
Consequently we make no claim to have proved that the 
reciprocity theorem is invalid in the cases quoted; our evidence 
shows, however, that one or more causes, which have not yet 
been identified, but which may include non-reciprocity, must 
exist to account for the observed differences in performance. 

On the other hand, the special tests mentioned by Mr. Stanesby 
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appear to depend on the measurement of absolute field strengt! 


at both ends of a circuit. Assuming that the accuracy i 
sufficiently high and that various precautions have been taken 
such tests ought to throw some light on the possible magnitud: 
of any departure from reciprocal propagation. It is, of course 
not yet possible to relate a given difference in field strength to é 
corresponding change in the commercial performance of ¢ 
circuit. Consequently the practical significance of the differencé 
quoted by Mr. Stanesby cannot easily be assessed. It seems 
likely, however, that an 8-10dB change in field strength could) 
be an important factor in determining the performance of | 
circuit operating well below the m.uf. 

Mr. Finch has suggested the interesting possibility of correlate! t 
ing the diurnal changes in magnetic activity with changes in| 
circuit performance. We are not aware that any tests of this) 
kind have been attempted, but the idea probably warrants 
investigation. A possible difficulty may be that, since the) 
properties of the quiet ionosphere, and therefore of circuit| 
performance, already contain very prominent diurnal com-| 
ponents, it might be difficult to identify any residual effect due! 
to magnetic activity. However, the whole question of expressing| 
the percentage time commercial of a circuit in terms of the 
operating frequency and its relation to the m.u.f. and l1-u.f.,) 
the level of magnetic activity, the route and possibly other 
factors is one which will require study if progress is to be made) 
beyond the present simple predictions of m.u.f. and 1.u-f. 

Dr. Smith-Rose has drawn attention to the smaller attenuation 
to which forward echoes are subject on their second circuit of 
the earth. While some speculative explanations of this effect 
have been put forward, it is probably safer to regard it as a 
“curious phenomenon” until further study becomes worth | 
while. It is interesting to note that the 10000km echo reported 
by Mr. Wilkins (see Fig. A) is stronger than either of the shorter- 
distance ones, and it seems certain that both forward echoes and 
back scatter, which arrive apparently without an intervening 
ground reflection, must be propagated by some mechanism 
which is not yet understood. 

With regard to Mr. Millington’s final question, even though | 
it may be theoretically desirable to keep close to the instan-. 
taneous m.u.f.—assuming that its value were known at the 
time—practical considerations must always limit the number of 
frequencies used on any one circuit. 
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SUMMARY 


| Tt is well known that errors in high-frequency direction-finding 
‘jusing U-Adcock systems arise from a number of independent causes. 
Experiments have been carried out to assess their relative importance, 
and statistical methods have been used to calculate the respective 
contributions to the total variance of error in a series of typical check 
bearings on known transmitters. The variance component, normally 
attributed to wave-interference errors, has been studied particularly, 
‘and the contributions from observational error and the effect of 
ground resistivity variations over the d.f. site have been estimated. 


LIST OF SYMBOLS 


d = Aerial spacing between the aerials of a pair in a 
U-Adcock direction-finder, m. 
I = Aerial length for a U-Adcock direction-finder, m. 
r = Amplitude of the reflection coefficient at the ground. 
€, = Dielectric constant. 
@ = Bearing error, deg. 
A = Wavelength, m. 
¢, = Phase lag of the reflection coefficient at the ground. 
2 = Phase lag of the signal induced by the reflected 
q wave on that induced by the direct wave for a 
| perfectly conducting earth. 
il. 3 = Phase lag of the signal induced by the combined 
direct and reflected waves on that induced by the 
i) direct wave. 
| $3n- $35 = Values of $3 along east-west lines through the north 
and south aerials for an idealized site. 
ws = Angle of elevation of the arriving wave. 


p (1) INTRODUCTION 


The purpose of the paper is to indicate briefly the statistical 

nature of the errors which occur in high-frequency direction- 
finding using U-Adcock systems, and thereby to suggest a means 
} of analysing the total variance of bearing error without isolating 
‘the several components and considering them separately. The 
| study made was associated with specific bearing-classification 
' and position-fixing problems arising in the naval high-frequency 
direction-finding organization, but certain of the findings are 
of more general interest. 

| The use of check bearings on known transmitters in establishing 

‘the performance of a high- frequency direction-finder is a widely 

accepted technique. It has been found, however, that two 

problems present themselves: 

(a) There is difficulty in arranging a programme in which the 
radio frequencies, ranges, azimuths, propagation paths, transmitter 
powers and other parameters are adequately sampled and distributed 
eedy to those which will define the normal task of the direction- 

er. 

(6) Unless great care is taken to hide the identity of the trans- 
mission from the operator, both as regards its true bearing and its 
identity with previous transmissions, considerable operator bias 
will occur. 

| The methods by which these problems are overcome will 

generally be peculiar to the task with which the d.f. organization 
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is concerned. It may be that (a) will require the deliberate 
setting-up of a transmitting system, although careful selection 
of known transmitters may obviate this; (b) can be overcome 
either by careful organization of the way in which the check- 
bearing tasks are fed to the operator, or by a system of random 
scale displacements at the direction-finder. 

In the results quoted in the paper it can be assumed that the 
effects of operator bias are negligible and that the performance 
figures refer to average observational sampling times of 30 sec 
on medium-powered c.w. transmissions from fixed stations, in 
the frequency band 3-20M¢e/s, and at ranges of 700-4 000km. 
Variances, given in degrees squared, are considered to be repre- 
sentative of an average U-Adcock d.f. site in the United Kingdom 
operated by an average (i.e. not highly-skilled) operator. 


(2) STATISTICAL NATURE OF H.F. D.F. ERRORS 
(2.1) Sources of Error 


Errors which occur in high-frequency direction-finding arise 
from the following causes: 

(a) Observational (operator error). 

(5) Instrumental (errors resulting from imperfect aerial balance 
and similar causes; they will include errors due to the site close 
to the direction-finder and due to polarization errors). 

(©). Distant site errors (due to re-radiations from objects in the 
vicinity of the site outside the area controlled by calibration). 

(d) Lateral deviation in the ionosphere. 

(e) Wave interference. 

These errors, in a series of observations on the same trans- 
mitting station, can be reduced by various averaging processes, 
apart from that inherent in the time averaging which takes place 
during a single observation. 


(2.2) Space Sampling 


D.F. stations situated in groups, i.e. two or more stations 
separated by about a mile or so from one another, can be con- 
sidered as being in the same geographical position for all practical 
purposes, but the errors occurring at them in observations on 
the same transmission will be substantially different. In general, 
the only major component of error, which will not be reduced 
by an averaging of the separate errors, will be that due to lateral 
deviation. Over the short intervals of time and space concerned 
in such observations, this is the same. The rapid fluctuations 
in this deviation, which take place owing to the irregularities in 
the reflecting medium, can be considered to be effectively removed 
by the time-averaging process inherent in a single observation, 
which is here defined by the observing period of about 30 sec. 

A simple analysis of variance of sets of observations by 
stations of a group can therefore provide a measure of the 
correlated error variance, which is that due to lateral deviation. 
There are, however, two provisos that must be made. 

First, there must be no possibility of operator collusion on 
any communication channel between the stations of a group. 
Any observation made by an operator is the result of a complex 
assessment of a rapidly-varying bearing indication, and know- 
ledge of another station operator’s result will undoubtedly 
introduce a bias in the form of an undesired correlation. 
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Secondly, the small variance of error due to the residual 
octantal error, assuming that the major error from this source 
has been removed by calibration, must be allowed for, as this is 
not, in general, reducible by any form of sampling. It will be 
eliminated if the stations of the group are divided into two equal 
sections, the aerial systems of which differ in orientation by 45°. 
Otherwise the error component must be allowed for by a separate 
calculation (see Section 2.3). 


(2.3) Time Sampling 


It is assumed that the check-bearing programme includes 
repeated observations on transmissions from the same source, 
repeated at intervals of many hours or days, long enough for 
lateral-deviation errors to be totally uncorrelated. Assuming 
that the radio frequency of such transmissions is unchanged 
and that the mode of propagation is similar, errors due to 
instrumental and distant-site errors will be correlated and all 
other errors will be totally uncorrelated (the instrumental errors 
here include residual octantal errors). 

Again a simple analysis of variance will enable the correlated 
variance to be assessed. 

Changes in the angle of elevation and the azimuth of the 
arriving wave due to different ionospheric reflection heights and 
lateral deviations will, however, affect the accuracy of this cal- 
culation, as the required instrumental and distant-site errors in 
the sets of observations will not be wholly correlated in practice.! 
The variance of error attributed to instrumental and distant-site 
errors will therefore be an underestimate, and some empirical 
allowance must be made for this. 


(2.4) Radio-Frequency Sampling 

Observations on transmissions from the same source on 
different radio frequencies and at different times may be con- 
sidered to be wholly uncorrelated except for the residual octantal 
errors. These errors will tend to increase as the angle of ele- 
vation increases and as the radio frequency increases. However, 
the angle of elevation tends to decrease as the radio frequency 
increases, and it may be considered to a first order of accuracy 
that the errors will remain appreciably constant. 

The radio frequencies can be considered to be different in the 
sense that other instrumental and distant-site errors will be 
uncorrelated if the radio-frequency difference! is as much as 10%. 

The analysis of variance in this case can therefore assess the 
order of variance due to residual octantal errors. 


(2.5) Mean Errors 


In the above analysis only the variance of error has been 
considered. It may be argued that, as most d.f. error distri- 
butions are not normal but leptokurtic, considerably more 
analysis is required to define them statistically. In most practical 
cases, however, the leptokurticity is small. In addition, the 
distributions are artificially curtailed so that the assessed error 
variance does not include “‘wild” errors, since these would be 
eliminated by a practical plotting system. It is therefore con- 
sidered adequate to define a d.f. error distribution by its variance 
of error and its mean error. 

Mean errors due to the instrument can be disregarded, as they 
will be discovered by the calibration procedure, and the faults 
can be corrected or the errors allowed for. The possibilities of 
mean errors arising from site or operator characteristics will be 
considered separately later. The only other cause of mean 
error is believed to be that of inadequate sampling. 

The study of mean errors has not yet yielded a satisfactory 
method of dealing with them, as their cause is usually difficult to 
determine. In the type of analysis detailed above they must be 
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taken into account when a number of different stations ant 
operator results are put together, in order to arrive at average! 
variance estimates. In plotting, it is recommended that unless) 
analyses indicate that the mean error estimated from check 
bearings can be applied directly as a correction in practice, the 
mean-square error should be used as the best estimate of variance) 
and its inverse used as a weighting factor in plotting. | 
| 
(3) ESTIMATES OF VARIANCE 

(3.1) Lateral Deviation Errors 


The average variance assessed for lateral deviation is about 2-0, 
which is reasonably in accord with figures calculated by Ross in 
experiments using pulse transmitters.” 


(3.2) Distant-Site and Instrumental Errors 


The variance assessed for distant-site and instrumental errors 
(an average over all sites at which observations were made) was 
about 1-2, which (as expected) is rather less than the normally| 
accepted figure of about 2:0. The residual octantal error 
variance, which was very small and was estimated as 0-25, is 
included in the instrumental-error variance. Statistically it is 
not possible to separate the two sources of error; Smith and 
Hopkins? assess both the distant-site and instrumental error 
variance as 1:0 under conditions fairly similar to those 
considered here. 

(3.3) Other Errors 


The remaining variance is that which is normally attributed 
to wave-interference errors. In the observations considered, 
however, this figure, instead of being of the order of 1-5 (a 
representative figure based on less complex experiments), was 
about 5, after a variance of 0-8 had been added back into the 
distant-site and instrumental error variance. 

Consideration of this large discrepancy led to an investigation 
of observational errors which may be expected to be statistically 
similar to wave-interference errors, and it has been found that, 
in general, a difference of 5 in variance exists between the best 
and worst operators at any station. In the series of observations) 
on which this figure is based, all other sources of error could be 
considered to have been randomized by taking the analyses 
over periods of one year. Repeated yearly samples confirm 
these performances and also show that individual operators 
introduce their own peculiar mean errors into the sya 
sometimes as much as 1° or more. 

Assuming that the best operators introduce zero variance of 
error,? the average variance component due to observational 
error in the naval d.f. organization is assessed as 2:5. This 
leaves 2:5 to be accounted for by wave interference and other 
causes. 


(4) THE EFFECT OF IRREGULAR GROUND RESISTIVITY 
(4.1) A Special Case 


The study of the contribution of variations in ground resistivity 
to h.f. d.f. errors arose from an attempt to explain a large 
mean error (+1-4°) in terms of the measured resistivity charac- 
teristics of one particular site. These characteristics were rather 
striking (see Fig. 1) and could be considered, in a rather simplified 
form, as contours of constant resistivity running in straight lines 
east-west and with resistivity increasing from north to south 
from about 5 to 27 kilohm-cm. These resistivities are the 
average measured resistivities down to a depth of Sft. 

It seemed worth while making some calculations for such an 
idealized site. Any errors due to the different resistivities would 
be zero for waves arriving from the north or south, from con- 
siderations of symmetry, and equal but opposite in sign for 


waves arriving from the east and west. A series of observations 
concentrated into a limited sector might well provide a systematic 
error. 


(4.2) Theory 


) 

Considering a single plane wavefront, if r and ¢, are the 
amplitude and phase lag of the reflection coefficient at the ground, 
‘the phase lag, $3, of the signal induced into one aerial by the 
combined direct and reflected waves relative to that induced 
‘by the direct wave is given by 


rsin ($, + $2) 


Ie 5 + r cos (dy + oy) 


| $, being the phase lag of the signal induced by the reflected 


wave on that induced by the direct wave, for a perfectly con- 
| 
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. Fig. 1.—Earth resistivity in kilohm-centimetres at a depth of 5ft for one particular site. 


ducting earth. 4», obtained by integrating the signals induced 
into elements of the aerial along its length, is given by 


$ sin % sin om 2a! in b) 
tan = 
: cos ate cos ee sin ) 
A r 


where / is the aerial length, A is the wavelength and ¢% is the angle 
of elevation of the arriving wave. 

On the idealized site considered in Section 4.1, a plane wave- 
front arriving from the east will give rise to a bearing error, 6, 
given by 

and = sin 1(3n — $35) 


sin = Cos ) 
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where d is the aerial spacing, and $y, $35 are the values of ¢, 
along east-west lines through the north and south aerials. 

Using the appropriate values of ground resistivity for this 
site, assumed to be 12 and 15 kilohm-cm through the north and 
south aerials respectively, @ has been calculated for waves 
arriving from the east, for various values of A and &. J and d 
are known, and ¢, and r can be calculated. This latter cal- 
culation was carried out from curves given by Terman,* but 
while these were in suitable form, the scale was very compressed 
in the ranges required, and some additional graphical inter- 
polation was needed. The dielectric constant €, was taken as 10, 
but it is not very critical. It was assumed that the signal ampli- 
tudes at all four aerials were the same; r changes slowly with 
resistivity, and the relative variations made only a second-order 
difference in the estimate of bearing error. 


Table 1 


ERRORS DUE TO GROUND-RESISTIVITY VARIATIONS ON AN 
IDEALIZED SITE (SECTION 4.1) FOR WAVES ARRIVING FROM 
THE EAST 


Angle of elevation, 


Radio frequency 


62 10° 15° 30° 
Mc/s deg deg deg deg 
5 +3-0 —0°5 —0°5 —0:75 
10 Sal Sle) —0:3 small 
negative 
15 +2:0 +2:0 “43 small 
negative 


Table 1 gives the values of @ for # = 5°, 10°, 15° and 30°, 
and the radio frequencies of 5, 10 and 15Mc/s. In the cases 
where 6 is negative, the interpolations on the curves used proved 
difficult, but the values are all small. The absolute accuracy of 
these estimates of 6 is in any case unimportant, since, apart 
from the assumption of an idealized site, it has been assumed 
that resistivity is uniform with depth of penetration and no 
account has been taken of the fact that reflections will be scattered 
from a zone. 

It is clear that such an idealized site could give rise to a positive 
systematic error if a limited sector round 090° were considered. 


(4.3) Practical Considerations 


In considering the performance of the d.f. station concerned, 
while repeated measurements of the site resistivity confirmed 
those on which the above arguments are based, the mean error 
did not remain of the same order; in fact, after a time it was 
found to have become negative. A study of other sites and their 
mean errors showed no obvious correlation. It does not seem, 
therefore, that the resistivity variations are likely to be a major 
contribution to the mean error. 

Again, considering Table 1, the contribution to variance which 
will be included in that attributed to the instrument is not likely 
to be very large for single-mode reception, considering that the 
figures given are taken from a rather extreme case. However, 
when multi-mode reception is experienced the various modes 
will individually have different phase delays, and wave-inter- 
ference errors will be caused. The errors will be similar to those 
caused by a combination of signals which are laterally deviated 
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by amounts equal to the errors arising due to the resistivity; 
variations. an . 
In general, it would seem that the rate of change of ground 


i 


resistivity over the site is of more importance in assessing the | 


error of this type than the average resistivity, which would affect | 
the instrumental component of variance. An earth mat changes H 
the effective resistivity characteristics and tends to produce | 


circular contours on an otherwise uniform site. It is thought 


that this will produce errors of an octantal type, although the | 


order of these has not been assessed. 

A further complication, the importance of which is difficult to 
assess, is the existence of vertical resistivity gradients. Slopes 
of as much as 5° have been indicated by measurements made. 


(4.4) An Estimate of Error Variance 


It would be unwise from the above arguments to give a figure 
for the average variance of error attributable to ground-resis- 


tivity variation. It is clear, however, that on many sites where | 
large variations in resistivity have been measured appreciable | 


error must arise, and that, while some of this may be seen as a 
mean error, it will mainly contribute to the variance of error. 

The variance of 2:5 estimated in Section 3.3 for wave-inter- 
ference and other statistically similar errors (observational error 
having been separately allowed for) must therefore be assumed 
to include these errors. 


(5) CONCLUSIONS 

The use of sampling with respect to space, time and radio 
frequency can enable estimates to be made of the components 
of variance which arise from different causes, provided that the 
check-bearing programme which is used is carefully designed 
and controlled. The estimates will not be of a high order of 
accuracy, but coupled with the knowledge gained from other 
studies, they should enable any source of large errors to be 
determined, and also provide useful data for certain bearing- 
classification and plotting systems. 

The very large component of variance due to different obser- 


vational abilities is disturbing, and further investigations are | 


being made. The effect of poor sites has been superficially 
examined and deserves more attention. 
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I SUMMARY 


_ Measurements have been made of the rapid directional fluctuations 
| observed on single-component first-order ionospheric echoes, at 
| vertical and oblique incidence (range 700km), and on frequencies of 
2:5-10-5 Mc/s. Under quiet ionospheric conditions the r.m.s. 
| angular deviations are of the order of 1° or less, but they are appre- 
ciably greater under ionospheric-storm or spread-F conditions. The 
fluctuations are uncorrelated at an interval of five seconds. It is shown 
that a layer of irregular ionization-density within region E would 
account for the quiet-condition F-layer results, and this would require 
! random variations of the phase path through the region of the order 
_ of only 3m at a frequency of 5 Mc/s. The E-layer results appear to be 
affected by partial reflections at different levels within the region. 
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LIST OF SYMBOLS 
x, y, Zz = Cartesian co-ordinates. 
r = Distance between two points in general. 
d= Distance apart, in x-direction, of two points on 
the ground. 
a = Scale of ionospheric irregularities. 
ing € = Distance apart, in x-direction, of two points in 
! the ionosphere. 
A, « = Wavelength and angular frequency of radio wave. 
t = Total thickness of irregular region. 
jt = Refractive index. 
qi €) = Permittivity of free space. 
c = Speed of light in free space. 
e, m = Electronic charge and mass. 
N = Electron density. 
No, "9 = Mean value and standard deviation of N in the 
irregular region. 
W 9 = 27 X critical frequency of irregular region. 
v = Electronic collisional frequency. 
k = Absorption coefficient. 
d& = Excess phase shift produced by irregularities, in 
traversal of thickness t by wave. 
Pts re = Values of ¢ at two points separated by € in the 
x-direction. 
go = R.MLS. value of o. 
« = Excess absorption produced by irregularities in 
traversal of thickness ¢ by wave. 
= R.MLS. value of x. 
g=«/d. 
b, = Goll +9) 
} u = Variable of integration. 
s = An interval in general. 
v = Variance in general. ~ 
f = Kurtosis of a frequency distribution. 


erf = The error function: erf x = al e—**dx, 


E= Real amplitude of wave emereine from irregular 
region. 
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Ey = Value of E in absence of irregularities. 
E = Complex. amplitude of wave emerging from 
irregular region. 
@ = Deviation from mean direction in an angular 
distribution. 
P(0), P,(@) = Angular power densities in distributions. 
Po = Total power in angular distribution. 
, R = Correlation functions. 
b, = Signal/noise ratio after one passage of wave 
through irregular region. 
= Signal/noise ratio after two passages of wave 
through irregular region. 
@,) = R.MLS. phase difference at two points on ground. 
o = R.MLS. fluctuation in direction of arrival of wave 
at ground. 
The M.K.S. system of units is used in this paper. 


(1) INTRODUCTION 


It is now well known that when a high-frequency radio wave 
is received after a single reflection by the ionosphere, it undergoes 
changes in its apparent direction of arrival. In general, these 
changes can be divided into two classes according to the rates 
at which they occur. There are also characteristic amplitude 
changes associated with both classes. The slower variations in 
direction have periods of the order of twenty minutes, and are 
believed to be caused by ionospheric tilts.! The more rapid 
fluctuations have periods of the order of a few seconds or less, 
and are associated with the short-period fading of the signal. 

The rapid directional and amplitude fluctuations, as observed 
with a direction-finder free from polarization error, may be 
ascribed to wave interference effects arising from changes in the 
ionosphere. Thus the field incident at the receiving aerial cannot 
be regarded, even instantaneously, as a single plane wave, but 
must be looked upon as an aggregate or cone of waves travelling 
in different directions. This is true even of a single magneto- 
ionic component of the downcoming wave. In oblique-incidence 
transmission an appreciable contribution to the. vertically 
polarized component of the total signal may be made by energy 
re-radiated horizontally from objects distributed around the 
receiving site. Thus variations in the incident wave appear in 
modified form at the receiver, resulting in one form of site error 
in direction-finding. A further source of the rapid fluctuations 
is the interference produced when ordinary and extraordinary 
rays are received together, with comparable amplitudes. Severe 
fading effects are usually produced, and directional measurements 
may be similarly affected. The fluctuations occurring with a 
single magneto-ionic component are the subject of the present 
paper. 

In a previous paper,2 an analysis was given of the effects 
produced at spaced receiving aerials by an incident angular 
distribution of waves. A theory of the generation of such an 
angular distribution by ionospheric irregularities is given in an 
appendix to the present paper, and by means of this and the 
previous work, the experimental observations are related to the 
parameters of the ionospheric irregularities. 
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The results to be described were obtained from a series of 
directional measurements made with a wide-aperture spaced-loop 
phase-comparison system? known to be free from polarization 
error. The aerial spacing was 100m. The experimental arrange- 
ments were as previously described,! the observations being made 
during the period 1949-1951 on single-component first-order 
reflections of pulse-modulated transmissions, either at nearly 
vertical incidence or over an oblique path of 700km in an 
approximately north-south direction. The vertical-incidence 
measurements, which, using horizontally polarized waves, were 
substantially free from site errors, were used to obtain the 
directional deviations resulting from the angular spread or 
coning of the downcoming wave itself. To avoid unwanted 
effects produced by interference between the two magneto-ionic 
components, the analysis was restricted to the results obtained 
on occasions either when they were sufficiently separated in time 
of arrival to be studied independently, or when only one com- 
ponent was effectively present. The latter condition could arise 
when the other component was strongly absorbed or when it 
had penetrated the layer. 


(2) EXPERIMENTAL RESULTS 


The experimental data consisted of sequences of “‘snap”’ 
measurements of the direction of arrival of the signal, on various 
fixed frequencies in the range 2:5-10:5 Mc/s. The observations, 
which were photographic, were normally made at regular 
intervals (30sec, except in a few special cases of more rapid 
recording). The rare moments of very low signal strength 
giving wide deviations in the apparent direction of arrival were 
rejected, being few enough not to affect seriously the overall 
results. 

In the vertical-incidence results, the direction of arrival was 
expressed in terms -of the angular deviations from the vertical 
in the north-south and east-west directions, while at oblique 
incidence (700km) the bearing and elevation angles were used. 
Only the bearing fluctuations have been analysed, however, the 
angles of elevation being too much affected by site errors.? 

Analysis of the magnitude of the rapid directional changes is 
complicated by the presence of the slower variations. In practice, 
a smooth curve representing the latter is drawn by eye through 
the measured values plotted against time, and deviations of the 
individual points from this curve are taken to represent the rapid 
fluctuations. The minimum period of oscillation allowed to 
occur in the smooth curve is about two minutes. Fig. 1 shows 
an example of this process. These results refer to measurements 
at nearly vertical incidence (Slough to Theale, 36km apart in 
the east-west direction), and show the observed directional 
variations projected on to north-south and east-west vertical 
planes. (The average east-west component of zenith angle 
differs from zero on account of the east-west separation of the 
transmitter and receiver.) It is seen that fluctuations of the order 
of 4° are superimposed on the larger and slower changes, 
assumed to be due mainly to ionospheric tilts. Any results 
which were considered to be capable of widely differing inter- 
pretations as to the division into “rapid’”’ and “‘slow”’ variations 
were not used. 


(2.1) The Magnitude of the Fluctuations 
In all cases the magnitude of the fluctuations will be expressed 
in terms of the r.m.s. angular deviation o, over a period of 
30min, of the individual measurements from the smooth curve 
representing the slower variations in the direction of arrival. 


(2.1.1) Vertical-incidence Results. 


At vertical incidence the deviations in the north-south and 
east-west directions were nearly always found to be very similar 
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Fig. 1.—Fluctuations in direction of arrival at nearly vertical incidence. © 


Transmitter: Slough. 

Receiver: Theale. 

Date: 13th December, 1949. 
First-order F reflection: 4:86 Mc/s. 


in magnitude, so in the analysis they are treated together. 
Table 1 summarizes the results obtained for either north-south . 
or east-west component in daytime, for ionospherically quiet 
days, the data being grouped in convenient frequency ranges. 
The mean value of o and its estimated standard deviation are 
given, together with the number of periods on which the results 


Table 1 


R.M.S. ANGULAR FLUCTUATIONS (NORTH-SOUTH OR EAST-WEST 
COMPONENT): VERTICAL INCIDENCE, DAYTIME 


E layer 


Number 


Frequency of periods 


In the E-layer results, those in the lowest frequency 
range were obtained on reflections from normal E, while the 


are based. 


rest refer to the sporadic-E layer. The results for region F 
refer chiefly to the F2 layer, but include some reflections from F1 
at the lower frequencies. 

For both layers, these results show that the magnitude of the 
fluctuations is roughly inversely proportional to the square of — 
the frequency. It is also noticeable that, on the lower frequencies, 
the spread of the values of o derived from individual periods is 
greater in the E-layer than in the F-layer results. 

A few results have been obtained under ionospheric storm 
conditions, characterized by abnormally low critical frequency, 
and great height, of the F2 layer. On most of these occasions 
the above values of o for quiet days are markedly increased, 
usually by a factor of about two. The effect is most clearly seen 
in the F-layer results, but is also indicated in those for the 
E layer. 

F-layer results taken during the night show a much greater — 
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tange of values of o on different occasions than is obtained 
from daytime experiments. On frequencies of 4-5 Mc/s, for 
example, values of o as low as 0-2° and as high as 2:4° have been 
recorded for the F-layer in summer time. It appears that on 


| guiet nights the results are similar to those obtained by day. 
| The larger values were obtained on occasions when the con- 


dition known as “spread F”’ was recorded in routine vertical- 
incidence ionospheric measurements at Slough. At Slough 
this condition, which occurs most commonly in the early hours 
of the morning before sunrise, is comparatively infrequent in 
midsummer (up to about five nights per month being affected) 
but at other times of the year it is more common, occurring on 
about 90% of midwinter nights. Thus while low values of o, 
such as those obtained during the day, may often be obtained 
for the F-layer during summer nights, much higher values, of the 
order of 3°, may be expected in winter. 

A few summer night-time observations on sporadic-E echoes 


| on 2:5 Mc/s have yielded values of o between 2° and 3°, which 
/ are similar to the daytime normal-E-layer results on this 


frequency. 


(2.1.2) Oblique Incidence Results. 
Table 2 gives the mean values of the r.m.s. rapid bearing 


_ fluctuations observed on the 700km path in quiet daytime 
| conditions. 


Table 2 


R.M.S. BEARING FLUCTUATIONS: OBLIQUE INCIDENCE, DAYTIME 


F layer Normal E layer 


Number 
of periods 


Number 


of periods Frequency 


Frequency 


The F-layer results thus again show the systematic fall in 
o with increasing frequency, but no clear dependence on fre- 
quency is seen with the E-layer results. The comparatively wide 
spread of values of o for the E layer is again noticeable. 

The oblique-incidence results again show a tendency for larger 


-yalues of o to occur during ionospheric storms, but this is not 


at all clearly marked on the E echoes. In this case the higher 
values are chiefly due to wave-interference effects on occasions 
when marked splitting of the echo was observed. It seems 
likely that such splitting is due to stratification or large-scale 
patchiness of the ionization in the E region. 

Of oblique-incidence measurements at night, only a few have 
been under conditions where the ordinary and extraordinary 
(F-layer) echoes were separable, and these, made in summer, 
yielded results similar to those obtained by day, as given in 
Table 2. On other occasions, much higher values of o, up to 2°, 


_were obtained, particularly in winter, when spread-F echoes were 


-/ usually shown on either or both of the vertical-incidence recorders 


situated at each end of the trajectory. Similarly, night-time 


\sporadic-E-layer observations have given values of o as low 


as 0:5° but more commonly 1-2°, the higher values usually 
occurring when there were signs of more than one component 
in the echo. 


(2.2) Distribution of Angular Deviations 


The distribution of the individual values about the smooth 
curve representing a given set of observations is found to be 
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symmetrical and approximately normal in shape, but a detailed 
analysis (restricted to vertical-incidence results, to avoid the 
effect of site errors) shows a tendency for it to be leptokurtic, or 
peaky, compared with the true normal distribution. The index 
of kurtosis,* 85, was estimated for eighteen typical sets of results, 
for F- and sporadic-E-layer reflections, and values between 3-5 
and 5:5 were obtained. For a normal distribution, B, = 3. 
Although the values obtained are not very precise, each being 
based on a sample of 100-150 values, a definite leptokurtic 
tendency is indicated by the results, which also show the charac- 
teristic curvature of such distributions when plotted on arithmetic 
probability paper. The theoretical distribution of apparent 
directions of arrival indicated by a phase-comparison system 
such as that actually used, when receiving a continuous angular 
distribution or cone of waves, has been calculated [Reference 2, 
eqn. (35)], and it may be shown that for a narrow cone, this 
distribution, while symmetrical and bell-shaped, is highly lepto- 
kurtic. It is made more nearly normal by the presence of a 
specularly reflected component along with the continuous 
distribution, a condition which is often realized, particularly in 
the daytime.?>4 


(2.3) The Time Scale of the Fluctuations 


The directional variations under consideration have hitherto 
been referred to as “rapid” or “‘second to second”’ fluctuations. 
The actual rate of variation has been studied by taking measure- 
ments more frequently than the usual 30-sec intervals. A number 
of sequences of observations have been made in daytime, at 
intervals of 5 or 10sec, and the rate of fluctuation examined by 
calculating the autocorrelation coefficient between successive 
readings at these intervals. In every case the value of this 
coefficient was found to be insignificantly different from zero, 
a result which applies to E- or F-layer echoes, at either vertical 
or oblique incidence. The same conclusion was also drawn 
from a sequence of vertical-incidence measurements at night, 
on F-layer echoes. This result means that observations made 
at 5-sec intervals may be regarded as independent, and thus if 
time averaging of the fluctuations is required the readings may 
be taken at least as rapidly as once every 5sec without appreciable 
duplication of information. 

A few sets of more rapid bearing observations have been taken 
(at }-sec intervals) on pulse transmissions at oblique incidence, 
using a simple ciné camera and an Adcock direction-finder with 
cathode-ray-tube bearing indication. These have shown the 
existence of bearing fluctuations with periods of a few seconds, 
and hence appreciable correlation between bearings taken at 
intervals of up to one or two seconds may exist. More observa- 
tions would be required to put this matter on a statistical basis. 
It may be noted that in bearing observations on continuous- 
wave signals, where the fluctuations are mainly due to inter- 
ference between different modes of propagation, the results are 
generally uncorrelated at an interval of between one and two 
seconds.> 


(2.4) The Distance Correlation of the Fluctuations 


A number of sets of observations have been made on the 
rapid fluctuations, at vertical and oblique incidence, using two 
identical direction-finding systems 27km apart, normal to the 
direction of arrival of the signals. The individual photographic 
measurements were synchronized at the two stations to within 
less than a second by telephonic communication, and in the later 
stages of the work this was improved by the provision of a 
land line connecting the stations. An impulse, generated by the 


* @> is defined as the ratio of the fourth moment about the mean to the square of 
the variance. 
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firing of the camera at one station, was passed along the line 
and automatically fired the camera at the other station, without 
appreciable delay. In all cases a correlation coefficient insig- 
nificantly different from zero was found, a result to be expected 
(as shown in Section 6.5) from the observed magnitude of the 
fluctuations and the separation of the receivers. 


(3) DISCUSSION OF RESULTS 


(3.1) The Nature and Location of the Ionospheric Irregularities 


The fluctuations in direction of arrival which have been 
described are clearly due to changes occurring in the irregularities 
of ionization distribution in the upper atmosphere. It is clear 
that these irregularities must be situated at or below the height 
of reflection, i.e. about 125km in the case of E echoes. Irregu- 
larities are known to exist in the E region, in the nature of a 
variable stratification or cloudiness of the ionospheric structure, 
and random variations in ionization density in the lower part of 
the region have been assumed to be responsible for v.h.f. trans- 
mission over long distances.® Since the v.h.f. signals are obtained 
at all hours of day, it appears that the irregularities are always 
present, even when the ionization density is insufficient for the 
usual h.f. reflections from, the region to be seen. It seems likely 
that random irregularities in this region may similarly be 
responsible for the directional fluctuations on E echoes described 
in the present paper. In the case of reflections from the F layer, 
the fluctuations might be caused by these irregularities in region E, 
or by irregular structures in the F layer itself. The former effect 
is suggested, though not proved, by results obtained when E 
and F echoes are studied at the same frequency, over the same 
or closely succeeding periods of time, since there is a tendency 
for a small angular spread on one echo to be associated with a 
small spread on the other, and similarly for larger spreads. 
Also, comparatively large spreads on F reflections have often 
been noted when E echoes are present at the same time. Again, 
if the irregularities were distributed throughout a large range of 
heights in the F region, at which waves of various frequencies 
are reflected, the marked fall of o with increasing frequency 
would scarcely be expected since each increase in frequency would 
involve a longer path through the region of irregular ionization. 

Jn the Appendix is outlined a theory of the scattering produced 
when a plane wave passes normally through a region containing 
irregularities in ionization density. The refractive index is 
assumed to be near unity, and the effects of variations in both 
refractive index and absorption, arising from these irregularities, 
are included. The analysis is thus an extension of that given by 
Jones, Millman and Nertney,’ who consider irregularities varying 
sinusoidally across the wavefront. The scattering model con- 
sidered remains two-dimensional, however; i.e. variations in 
ionization density are assumed to occur vertically, in the direction 
of propagation, and horizontally except in one particular direction 
for which the density at a given height is taken to be invariant 
with horizontal distance. That is to say, at any instant, the 
surfaces of constant density are cylindrical, so that the resulting 
angular distribution of energy, of which the parameters are 
calculated, represents a “‘fan’’ rather than a “‘cone”’ of waves. 

In interpreting their v.h.f. results,° Bailey ef al. used an 
analysis of scattering given by Booker and Gordon,’ which 
includes the effect of three-dimensional variations in refractive 
index, but does not include absorption. The treatment is rather 
different, but it may be shown that when Booker and Gordon’s 
analysis is applied to ionospheric scattering, it gives the same 
result for the total power scattered as is obtained from the 
present analysis when a similar autocorrelation tunction for: the 
ionization irregularities is assumed and absorption is neglected. 
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In the present case, an upgoing plane wave of angular fre-*) 
quency w (wavelength ) is considered to pass normally through 4 
a region of thickness ¢ in which random variations of ionization | 
density occur, with standard deviation mj. The “‘scale”’ of the | 
irregularities, a, defined in the Appendix, is assumed to be large 
compared with A. The collisional frequency in the region is 
assumed to have the constant value v. The wave after passing 
through the region contains lateral irregularities in phase and 
amplitude, which are shown to be equivalent to irregularities in 
phase only, and the r.m.s. value of the effective phase irregularity 


is given by 
Tl4nye* a at 
S 2mcéy Ce ar =) 

After a second, downward, passage through the irregular 
region, the wave as received at the ground is shown to consist 
of a specularly reflected component, or “‘signal,”’ along with an 
angular distribution of scattered waves, or “noise.” When be 
is small (less than about 0-5rad), it is shown that the signal/noise 
ratio, i.e. the square root of the ratio of power in the signal and 
noise, is approximately 1/4/ (2)¢y. Now, this ratio has been 
measured, and typical values of about 2:5 have been found for 
a wavelength of 60m (frequency 5 Mc/s), under quiet ionospheric 
conditions.” This leads to a value of ¢, of 0-3 rad, corresponding 
to an r.m.s. fiuctuation in phase path, for passage through the 
whole irregular region, of 3m. 

With an angular distribution of waves as described, phase 
variations between the various components received at a fixed 
point on the ground will be caused either by random changes or 
by a systematic horizontal drift of the ionospheric irregularities, 
and these will give rise to the observed fading and directional 
fluctuations of the signal. The mean direction observed will, of 
course, correspond to that of the centre of the angular distribution 
of incident energy. It is shown in the Appendix that the r.m.s. 
angular deviation observed at the ground using a phase- 
comparison direction-finder whose aperture is not too large 
would be o = Ad,/\/(2)ma. Hence if the above values of A 
and be are substituted, taking the value of o (for A = 60m) as 
0-4° from Table 1, a value of 500m is obtained for a. This — 
value is of the same order of magnitude as deduced by Briggs 
and Phillips? from fading experiments. 

It is seen from the above equations that provided v* is small 
compared with w*, which may be assumed to hold for the fre- 
quencies used, at heights greater than 75km, pe is proportional . 
to A, and hence o is proportional to A?, as has been found 
experimentally. In this case, a value of 5 x 10!° m7—)/* is 
obtained for the product mgt!/2._ For instance, if the irregularities 
extend over a thickness of 10km, the r.m.s. fluctuation mg of the 
number of electrons per unit volume would be 500 per cubic 
centimetre, which is of the order of 5% of the daytime electron 
density in the lower part of the E region. In view of the various 
approximations introduced in the calculations, the numerical 
values of the parameters quoted can only be regarded as giving 
the orders of magnitude which would serve to explain the 
experimental results. 

The mechanism described would provide an explanation of 
the quiet daytime fluctuations. It is probable that an additional 
agency, namely irregularities in the F layer, would be necessary 
to account for the larger fluctuations observed on F echoes during 
an ionospheric storm or under spread-F conditions. For 
instance, Dieminger!® has given evidence that irregularities in 
both the E and F layers contribute towards the spread-F pheno- 
menon. Also, large fluctuations of stellar radio signals are well 
correlated with spread-F, and Hewish!! has deduced that the 
irregularities responsible for these fluctuations are at a height — 
of about 400km. It may be noted that these observations also r 


incidence at the irregular region. 
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showed angular fluctuations proportional to A2, so that a similar 
mechanism to that discussed above may well be responsible. 


(3.2) Comparison of Vertical- and Oblique-Incidence Results 
The oblique-incidence bearings show larger values of o than 


| the angular deviations at vertical incidence on the same frequency. 
| An increased value would be expected owing to three separate 
' factors: first, there would be an increase by a factor equal to the 


secant of the angle of elevation, since the bearing spread is 


_ measured in the horizontal plane instead of in a plane inclined 
at this angle to the horizontal; secondly, the angular fluctua- 


tions have been shown to be proportional to the square root 
of the path length through the irregularities, which introduces 
a factor equal to the square root of the secant of the angle of 
The product of these two 
factors is 1-6 for an F echo and 1-8 for an E echo on the 
700 km oblique path. The third factor giving rise to increased 
bearing spreads at oblique incidence is the existence of random 
site errors, mentioned in Section 1. From investigations of 
the magnitude of such errors on the direction-finding system 
used? it appears that they could well account for the residual 
difference between the F-layer values of o at vertical and oblique 
incidence. 

The oblique-incidence E-layer results do not appear to be 


‘capable of such a simple explanation, since they do not show 


any dependence on frequency. The frequency range concerned, 
5-10 Mc/s, corresponds as regards height of reflection to vertical- 
incidence frequencies of about 1-7-3-3 Mc/s, in which range 
the various strata and “‘ledges’’ in the E region are most com- 
monly found.!* This may account qualitatively for these 
anomalous results, along with the scattered values obtained in 


this frequency range at vertical incidence. 


(3.3) Application to Practical Direction-Finding 


The resuits described have shown that with undisturbed 
ionospheric conditions, the rapid fluctuations in the measured 


‘direction of arrival of a single component of a reflected wave 


are only of the order of 1° or less. This applies to frequencies 


_ above about 3 Mc/s, and greater values may be expected at lower 
_ frequencies. 


The measurements were made with a direction- 


finder of 100m aperture; in the case of oblique incidence the 


‘objects around the site. 


figures quoted are not solely a direct result of the coning of the 
incident radiation but include an effect due to re-radiation from 
For systems of narrower aperture some 
increase in the latter component of variance would be expected, 
but it is not possible on present evidence to assign a numerical 
estimate. 

In the presence of other direction-finding errors, e.g. lateral 
deviation, and more particularly, as in the usual case of 
continuous-wave working, wave-interference errors between 
components propagated by different modes, these fluctuations 
would make only a small contribution to the total errors observed. 
For instance, multi-mode wave-interference errors produced on 


-an Adcock direction-finder have a variance commonly of the 


order of 5 degrees squared.!3 During ionospheric-storm or 


‘spread-F conditions, the fluctuations considered are much larger 


and may then be significant, but generally the effects of multi- 


mode interference will be predominant on a small-aperture system 


such as the Adcock. 

When the angular spread of the downcoming wave does con- 
stitute a major source of bearing error, it has been shown that 
the rate of fluctuation is sufficiently rapid for effective smoothing 
to be carried out by taking bearings at 5-sec intervals. In Sec- 
tion 6.5, the correlation between bearings at separated direction- 
finders is considered, and eqn. (48) shows that this correlation 


- falls to zero at a separation, transverse to the direction of propaga- 
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tion, of a/,/2, i.e. about 400m. Thus two direction-finders at 
this separation would provide effective space-averaging of the 
bearings, in a similar way to the time-averaging obtained by 
taking observations at intervals of a few seconds at a single 
station. This distance, which is independent of frequency within 
the limits of application of the theory, would be reduced by the 
presence of random site errors which are uncorrelated at the two 
direction-finders. 
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(6) APPENDIX: THEORY OF RAPID DIRECTIONAL 
FLUCTUATIONS PRODUCED BY IONOSPHERIC 
IRREGULARITIES 


(6.1) Assumed Model of Irregularities 


Consider a plane wave (angular frequency w, free-space 
wavelength A) passing normally through a horizontal slab of the 
ionosphere, of total thickness 7, within which the electron 
density N has the same average value No at all levels. Small 
variations of N, with a normal distribution, are assumed to occur 
in the vertical direction z and also horizontally except in one 
direction, y. The surfaces of constant density are thus cylinders 
along the y-axis, and normal to this axis (i.e. in the xz plane) 
the variations are statistically similar in all directions. Let the 
auto-correlation function of N at points separated by a distance r 
in the xz plane be of the form exp (—r?/a?), i.e. the correlation 
between the values of N at the points (4, ¥,, 2)) and (%2, ¥2, Z>) 
is exp { — [(xey — x9)? + (2 — 22)?]/a? S It is assumed that the 
“scale” of the irregularities, a, is large compared with A, so that 
only small changes in refractive index occur within a wavelength. 
It is also assumed that the collisional frequency v is constant 
throughout the region considered. 


(6.2) The Field of the Wave emerging from the Irregular Region 


In passing through the total thickness, ¢, the incident wave 
will suffer a certain phase shift and a certain absorption, both of 
which will be random functions of the co-ordinate x. Let 
(x) and «(x) respectively be the excess phase shift and absorp- 
tion, after traversing the thickness 7, compared with the values 
which would exist in the absence of the irregularities. Owing to 
variations in ¢ and x as x is varied, the emergent wave may be 
represented as an angular distribution of energy, which may be 
specified in terms of the statistical properties of ¢ and x. These 
will now be determined. 

Consider the phase shift and absorption produced over an 
element of thickness dz, where the electron density is N= Np + dN. 
The phase shift introduced is (277/A).dz, where yu is the refractive 


index. Using M.K.S. units, and neglecting the effect of the 
earth’s magnetic field, xz is given by 
5 Ne? 
Bo (1) 


MEg(co2 + v2) 
where e and 7m are the electronic charge and mass, and € is the 
permittivity of free space. A small change dN in the electronic 
density thus produces a change in given by 

e*dN 


oe 2pumeo(w? + v?) 


and the additional phase shift, relative to the undisturbed value, 

will be 
me*dNadz 
dé = <> (2) 
LAme (co? + v2) 

If the critical frequency of the region where the irregularities 

are situated is well below the working frequency, jx will not differ 

much from unity. Also, if we is 27 times this critical frequency, 


ee eoniae 
ME No G3) 
and eqn. (2) may be written 
_m7ad+v? dN E 
d¢ Sire IN dz oi ee ee 


Similarly, the absorption suffered by the wave in the element 
dz is kdz where k is the absorption coefficient given by 


v Ne? ; 
2c meg(w? +-v2) * Oa 


(5) 


SOME ASPECTS OF THE RAPID DIRECTIONAL FLUCTUATIONS OF 


where c is the speed of light in free space; thus the extra absorption | y 


introduced by the increase dN,over the distance dz is 
v we + v? +2 dN 


soho 2c w? + v2 No 
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On 


The changes in phase and absorption thus bear a constant ratio 
to each other, given by | 


dk vA v 


(1) 


and since this applies to every element dz it will also hold for the | 


values ¢ and « appropriate to the whole distance t. 
Kk = gh (8) 


The statistical properties of ¢ and « can now be found from 
those of N. It is assumed that N has standard deviation 7, and its 
auto-correlation function in the z-direction is p(z) = exp (—z?/a’). 

From eqn. (4) the mean-square phase-shift per unit distance © 


of z is 

(2 2 w+ gy? 

ZI =G ot 
Now if any randomly varying function has variance v and 
auto-correlation coefficient p(s) for the interval s, then the 


variance of its average value over an interval t may be shown 
to be 


1.e, 


1 
2» | (1 — wp(ut)du 
0 


Hence the variance ¢3 of the total phase shift ¢ over the length ¢, 
when ¢ is taken over “all values of x, is given by 


— 2( Hy a f ( — wplut)du 


7 we + v? No 


— 932 a —u2t2/a2 
2r ee ger) aK uje—#Plaedy 
0 
mw we + vy ny\2/ «/(a)a t a 
Bey A) 0 No \ ( 2 Mey errs 
; A @ + v2 a | t a a all ; ) 


If the total thickness ¢ of the irregular region is assumed to be 


to 
7 cw2 + yp2 No 2 
$3 = Vindat( > N (10) 
and the r.m.s. value dg will es be 
sit 2 
$o-7 47 tae (1) 


A w2+tve No 


Also, since ¢ (the excess phase-shift) is a linear function of the 
elemental phase-shifts along the path, which are normally 
distributed with zero mean, ¢ itself is also normally distributed 
with zero mean. Similarly, the total excess absorption due to 
the irregularities is distributed in the same way, and has an 


r.m.s. value given by 
Vv 
Ko = =o = eho (12) 


To complete the statistical specification of the field after 


large compared with a, the scale of the irregularities, this reduces . | 


traversing the distance ¢, from which the resultant angular ; 


distribution is to be found, it is necessary to know the auto- 
correlation function for ¢ (or «) in the x-direction. Thus if 
f(x) and d(x + §) are the values of ¢ at two points separated j 


by a distance € in the x-direction, this correlation function is & 


| 
j 
fi 
| 
f 


given by p(6)\= P(x) p(x + £)/ 48, the mean being taken over 
) all values of x. 


Now 


| g(x) = | (SE) ae, and dx + § = | (FE) 
no-3| | OO. 


Since the auto-correlation function for N, and hence also for 
| dd|dz, is of the form exp (—r?/a’), this may be written 


- Hence (13) 


is 7 we + Vv? No 
ps) = a AN w+ v2 ne) 


exp (— ee [ exp [— (z, — z)?/a*]dz,dz. . (14) 
"Evaluation of the Houble a odal gives 


i 


exp [— (z; — Z)*/a*]dz,dz, 


= a{y/ (a)t erf (t/a) — a[1 — exp (—??/a”)]} . (15) 
and hence, substituting for 43 from eqn. (9), 
| pe) = eC le . (16) 


is of the same simple form as that for the variations in electronic 
_ density. 
|. The amplitude E(x) of the emergent wave is given by 


E(x) = Eye-*) (17) 


i.e. the auto-correlation function for ¢ (or «) in the x-direction, 


where Ey is the amplitude which would be obtained in the 


_ absence of irregularities. Now « is normally distributed with zero 
mean and standard deviation kp; i.e. its probability distribution is 


id 


. P(k) = E— 7 12K5 (18) 


1 
a/ (27) Ko 


The mean-square value of E is then given by 


ae 
k E? = | E?p(k)dk 


—o 


ear ,[ et (2 + 12/2K3)]dk 


= Bers (19) 


_ Eqns. (8), (11), (16) and (19) completely specify the statistical 
properties of the wave field immediately after passing through 
the thickness ¢. 


(6.3) The Angular Distribution of the Energy after Passing through 
the Irregular Region 


The field at the upper boundary of the irregular region may 

be written 
E(x) = E(x)eit0) = 
= Eye~&—J4@) [from eqn. (8)] . 


Eve —K(x) +J¢Cx) 
(20) 


The angular distribution is to be found from the auto- 
correlation function for this complex field, defined by 


po E*(x)E(x + &) 


a (21) 
E(x)E*(x) 


SHORT RADIO WAVES REFLECTED AT THE IONOSPHERE 


539 


where the asterisk denotes the complex conjugate and the bar 


indicates an average taken over all values of x. Thus 
pel) = (EZ/E*) exp [—(g + /)6@)] exp [—(¢ —/) ox + 9] 
Hence from egn. (19), a 
px(§) exp (243) = 
exp {— g[$@) + 6@ + O] +i pe +H — dO) 
= exp {— 8[d@) + d& + A] cos [6 + 4) — 6@)] 
(23) 


Now ¢(x) and ¢(x + €) (subsequently written as ¢, and ¢, for 
brevity) are each normally distributed about zero mean with 
standard deviation ¢9 and with correlation coefficient p(£) = 


e—V/@_ Their joint probability distribution is therefore 
P(44, $2) = aa 
Sage ps 8? (GI — odie + HDI2AGLL — p>] 
(24) 
Now the mean value of a function of these variables, say 
q($,, $2), is given by 
+0 _+0 
7= ip ja abn $)0(G 1, badd ides 25) 
Hence 
1 
2 ee 
pre(S) exp (23) = 5— roa a 
ap So ts _ $4 —20¢160+43 
| | esti +42) cos (Pp, — Pye 2421-2) dh dh» 
= exp {— da — p) — 20 + p)]} (26) 
Therefore 
pe(é) = exp [—¢a(1 + g*)(1 — p)] (27) 


Thus, in the absence of absorption, when the layer behaves as a 
phase-changing screen only, the result is 


pe(€) = exp[—¢21 — p)] . (28) 


and the effect of absorption is simply to increase the effective 
mean-square phase variation by the factor (1 +g?) = (1 + v?/w2). 
It now follows from a relation [their eqn. (15)] given by Booker, 
Ratcliffe and Shinn,'!4 between the auto-correlation function 
p,(€) and the angular power spectrum, that in the case of a 
narrow angular distribution P(@), this is oe by 
+o 

pu(Se is “dé 


PO)=— (29) 


where P(@) is the power vecen per unit angle in the direction 0 
+00 


to the normal to the screen, and Py = | P(8)d6 is the total 


power in the wave. From eqns. (16), (27) and (29) it is found 


that 
72.a292 
eR uae ol EO 
PO) = Pee % 5(8) + Sem $9 ae Aree (30) 
= Pye *08(0) + me say (31) 
1/2 7noe 
es $3 = P91 Reo (a) on w? z y2 
fhe eqns. (3), (11) and (12) (32) 
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The first term on the right-hand side of eqn. (30) is a Dirac delta 
function at 6 = 0, which means a pure “‘signal”’ as contrasted 
with the remainder of the distribution, which may be regarded as 
“noise.” The total energy in the “‘signal’’ is Poe-*, and the 
“signal/noise ratio,” i.e. the square root of the ratio of the signal 
and noise powers, is 


b, = [e-#/ — e- 48)? (33) 
When Py is small (less than about 0-5rad) this reduces to 
b= I$, 34) 


The second term in the distribution given by eqn. (30) repre- 
sents a continuous angular distribution, which has r.m.s. value 


Oo given by 
+00 +0 
2 = | @P\ab / | P (Odo 


dp2 


: (35) 
272a2(1 — e—%a) 
and again, when by is small, this reduces to 
Qy = Af/(2)ma (36) 


It may be noted that for the case of small be a useful approxima- 
tion for P (9) is obtained by taking the first term only of the 
summation in eqn. (30). This gives 


av/ (77) 
A 


P,(@) ptt Poe tape Peo 

which represents a simple Gaussian distribution of the type 
previously considered.? It has the correct r.m.s. value as given 
by egn. (36), and the total energy in the distribution is Pypde- $4 
which is a good approximation to the value of Po(1 — e— $0) 
obtained by integrating the full expression for P,(6). 


(6.4) Angular Fluctuations observed at the Ground 


Section 6.3 relates to the single passage of a wave through the 
irregular region. If this occurs on the upward journey of the 
wave, which is subsequently reflected specularly, the distribution 
will be further modified by a second traversal of the region on 
the downward journey. In the case considered, where ¢o is 
small and 5, large compared with unity, this second transit may 
be allowed for simply by considering the total thickness of the 
irregular region to be doubled. It is then easily seen that the 
signal/noise ratio of the wave as received at the ground will be 
given approximately by 


b = bil\/(2) = 1/4, 


while the angular distribution of the noise is sey ae the 
same as given by eqn. (36). 

Now the correlation function R for two points a distance d 
apart, in the x direction on the ground (e.g. the two aerials of 
a phase-comparison direction-finder}, in the presence of the 
angular distribution P,(@), is defined by [Reference 2, eqn. (27)] 


(Sp d0 / [ row 


which in the present case gives 


(37) 


+0 
R= | P,(8) cos 


e-%y 


| ea SORE 
1 —e-% 


slexp (d2e—47/) — 1] (38) 


Bei 


[The discussion on the above paper will be found on page 550.] 
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reducing to i 
R wy ela? (39) 

in the case of small ¢,. 
The r.m.s. phase difference Dy observed at the two points| Hi 
distance d apart is then given by (Reference 2, Section 6) 
® =51—R 


yu, (40) 


and hence the r.m.s. fluctuation in direction of arriva! is 
o = AD) /2nd 
= X(1 — R)12/2adb 
Substituting the values of R and b from eqns. (39) and (37), 


(41) | 


Ms (1 — e-4%la*)1/2 (42). 


~ 4/(Q)ard 
which simplifies, if d*/a? < 1, to 


__A¢ 
= og i aaa 


Substituting for ¢, from eqn. (32), this gives 


4e?ng t 1/2 
pits 
mégw | 2a(w? + v2) 


This gives the r.m.s. fluctuation in direction of arrival in terms 
of the various parameters specifying the irregular properties of 
the medium. 


(44) 


(6.5) Correlation between Bearings at Separated Direction-Finders 


Consider two direction-finders, each operating on the phase- 
comparison principie, with aerial spacing d, separated by a 
distance € in the x-direction. At the ground, let p,(§) be the 
auto-correlation function for phase along the x-direction. It 
has been shown? that for the case of large signal/noise ratio | 
this is the same as R, the correlation function for the angular | 
distribution. In the present case this is of the form ¢—&/2 
{eqn. (39)], which is the same as the auto-correlation function 
p() for phase at the boundary of the irregular region itself. 


Thus 
pilé) = plé) = eS" (45). 


The simultaneous bearings obtained at the direction-finders 
(separated by &) are each determined by the phase difference 
between the receiving aerials (spacing d for each instrument). 
The correlation coefficient for these phase differences is easily 
shown to be | 


2p(€) — p(€ + d) — p(E — d) : 
ee) = 46) 
pld, ) af = p(d)] (46) 
_ e-Blel) — 44 cosh 2éa/a*)} 
1 — e—4 Ja? Sei, 
This reduces to 
pd, €) = (1 — 2€4/a*)e—Fl* (48) 


when d/a is small, i.e. for narrow-aperture direction-finders. 
In this case the correlation coefficient for the bearings is seen to 
fall to zero at a separation of a/1/(2), which is of the order of ~ 
400m with the value of a deduced from the experimental results. 
By substitution of values into eqn. (47) it is seen that this con- 
clusion is not substantially affected when d is as much as 100m, — 
as in the present experiments. 


_——_ 


Sse 


| fluctuate owing to changes in the ionosphere. 
’ fluctuations—those caused by lateral deviation in the iono- 
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SUMMARY 


Bearing observations were made with an Adcock direction-finder 
on distant high-frequency transmitters at a rate of five per second. 


_ The auto-correlation function of the observations was calculated; the 


analytical formula found most useful as its representation was ¢ 7/70, 
where the mean value of to was 0-75sec with a standard deviation of 
0-S5lsec. Expressions are given for the reduction in the variance of 
bearing error to be obtained by time-averaging. 


(1) INTRODUCTION 


In high-frequency direction-finding with an Adcock system, 
the observed bearing of a remote station is usually found to 
Some of the 


sphere—have quasi-periods of the order of 20 min, and have been 
investigated in some detail by Bramley and Ross.!_ However, an 
examination of the bearing display given on a cathode-ray 
direction-finder, for instance, by a continuous-wave station will 
reveal in general the presence of far more rapid fluctuations. 
These are due to interference between rays which have travelled 
to the direction-finder along different paths, and are often of a 
much larger magnitude than those due to lateral deviation. 
Their effect upon the accuracy with which the bearing of a 
station is known might be expected to be reduced consider- 
ably by averaging over a comparatively short period of time, 
say 10 or 20 sec. 

A quantitative measure of the extent of this improvement is 
required, for example, in the theory developed in connection with 
obtaining a position fix by radio direction-finding. In this theory 


an area can be determined within which there is a given 


probability of the transmitter being found, provided that a 
known variance can be assigned to the bearing given by each 
direction-finding station. If time-averaging is employed to 
obtain such a bearing, a reduction can be made in the appropriate 
component of this variance, with a corresponding diminution of 
the search area. The extent of this reduction will have to be 
based on information about the rapidity of the bearing variations. 

An investigation was therefore made at the Radio Research 
Station on the properties of these rapid fluctuations. The 
object was not to make an exhaustive study of the problem, but 
to collect sufficient information to make possible a reasonably 
good estimate of the reduction in the error variance secured by 
averaging over a given period of time. 


(2) EXPERIMENTAL TECHNIQUE 
The direction-finding system on which the experiments were 


~ carried out was the U-Adcock with buried feeders installed at 


the Radio Research Station, Slough. The receiver used was a 
cathode-ray direction-finding set of the type FHB as sup- 
plied to the Admiralty.2 It was decided to record the bearings 


_ photographically, and a simple camera was therefore con- 


structed which was capable of taking pictures of the cathode- 
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ray-tube screen in the receiver at a rate of up to five per second 
on 10cm film. The method of operation was to tune in to the 
desired station, to perform the usual lining-up procedure on the 
twin-channel receiver, and then to take about 100 pictures in 
succession of the varying display on the tube. Broadcast stations 
were used to avoid missed pictures due to gaps in transmission, 
such as those between Morse characters; details concerning the 
transmitters observed are given in Table 1. 


Table 1 


Location of transmitter Frequency ne at Distance 


km 

780 

880 
6 740 
7560 


Mc/s deg 
6°16 129 
9-73 86 
WieF 80 
19-1 136 


Schwarzenburg 
Leipzig .. 
Delhi 

Zanzibar 


The indicated bearings were read off direct from the developed 
film, and plotted out against time as in the examples shown 
in Fig. 1. 


(3) THE ANALYSIS OF THE OBSERVATIONAL DATA 


The reduction in the variance of the mean obtained by averaging 
can be calculated from the auto-correlation function of the 
observations, and so for each group of bearing measurements 
this function was computed. Now the value of the auto- 
correlation function at a time equal to one interval between 
successive pictures provides a check on whether the camera is 
being operated quickly enough to follow the fluctuations 
adequately. In these experiments the time interval was reduced 
until the majority of such values exceeded 0:5. This involved 
operating the camera near its maximum rate of five pictures 
per second. 

Some groups of bearing observations and the auto-correlation 
functions deduced from them are shown in Fig. 1. Even in these 
examples there is considerable variety in the form of the function, 


_and still other types are to be found among those not illustrated 


here. Now to calculate the variance reduction in a general case, 
an analytical expression is required to cover all possible forms 
of auto-correlation function. It is clear, however, that such a 
formula would have to be rather complicated and to contain 
numerous parameters in order to give a close fit to the observed 
functions. A simple expression with one parameter was there- 
fore chosen for the theoretical auto-correlation function, which 
was to be fitted as well as possible to the observed values and 
would represent their behaviour on the average, if not in detail. 
This was the exponential form R(7) = ¢—*/*, which has been 
frequently used in the theory of random functions. 

A value has to be found for the parameter tT) appropriate to 
each period of observations. The following standard procedure 
was adopted to evaluate 7p) in each case. Suppose that at a time 
interval + the observed correlation is found to be R(7). The 
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Fig. 1.—Bearing plots and corresponding auto-correlation functions, R(t). 


® @® @ Deduced from observations. 
— —— Theoretical curve ¢—7/T0- 
The values of to deduced from the above plots are (reading from top to bottom of the Figure) 1:15, 0-30, 0-99 and 0-33sec. 


value of log, R is obtained and plotted against 7; this is 
repeated for all points up to but not including the first point 
for which R(7) is less than 0-1. All these points will lie on 
a straight line if R(7) has an exponential form. In general 
they do not, and the “‘best”’ straight line has to be drawn through 
them. The best line has been taken here to be the line joining 
the origin in the 7, log. R plane to the centroid of the remaining 
points. A small change in a value for log. R at a given 7 has 
then the same effect on the slope of the line whatever the corre- 
sponding value of r may be—a desirable property of the method, 
although its chief merit is the ease with which the position of the 
line can be calculated. Curves of R(7), with the values of 7p 
calculated in this way have been included in Fig. 1 so that the 
degree of approximation involved in using the simple exponential 
form may be appreciated. 


(4) RESULTS 

The groups of observations shown in Fig. 1 are typical of 
those obtained, but the data which have been collected are 
insufficient to determine whether a particular kind of fluctuation 
is characteristic of a particular station. It has therefore been 
thought unnecessary to give specimen records for each station 
observed. 

The values obtained for tg by the methods discussed in 
Section 3 are shown in the histogram of Fig. 2. This distribu- 
tion has a mean of 0:75sec and a standard deviation of 0-51 sec. 
Its range is from 0-13 to 2:43sec and its mode is about 0-6sec. 
It may be noted that Bramley? has found that, on pulse trans- 
missions, bearings are uncorrelated for a time interval of Ssec, 
but may be appreciably correlated at an interval of 1 or 2sec. 
With the pulse transmissions the fluctuations are due to inter- 
ference within a single ionospheric “‘ray,’’ whereas in the present 
series of continuous-wave observations the fluctuations are 
caused mainly by interference between separate rays, at least 
in those cases where the bearing variance is high. 

The standard deviation of the observations themselves varied 
considerably between the groups of readings used for each 
auto-correlation measurement. As it is possible that it is related 
to the value of ty determined for each group, a scatter diagram 
for corresponding values of 7) and the standard deviation has 
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Fig. 2.—Number of examples of to falling within a given range of 
time. 
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Fig. 3.—Relation between the parameter to and the standard deviation 
of a group of bearings. 


been constructed, as shown in Fig. 3. It appears that the two 
parameters are not independent, there being no cases where a 
high standard deviation is associated with a high value of To. 
The results were also examined for a connection between Tp and 
the distance of the transmitter, but no significant effect was 
found. 

In practical direction-finding the reduction of small variances 
by time-averaging is of little importance—it is the reduction of 
the large variances which matters. Hence, in view of the relation 
mentioned above between 7, and the standard deviation, the 
mean value of tT) has been recalculated using only groups of 
observations in which the variance is more than 2 deg. The 
distribution of tT) has now a range 0-13 to 1-15sec and a mean 
of 0:56sec with standard deviation 0:29sec; these values appear 
to be the most appropriate to use in estimating the improvement. 


due to time-averaging on occasions when appreciable errors 


1 consisting of rapid bearing fluctuations are present. 
I 


| (5) THE REDUCTION OF ERROR VARIANCE BY 

iP TIME-AVERAGING 

The reduction in variance obtained by averaging over N 
| observations, spaced by a time interval 7, between each, when 
| the auto-correlation function is R(r) = ¢—7/*, has been given, 
| for example, by Burgess,* and is expressed by 


4 Pe Rp) —2R\(1 — RP) 
o2 N20 — R)2 


| where R; = R(7,) = e771/7, 
1) o”? = Variance of one observation. 


oe = Variance of the mean of N observations. 


If the observations are averaged continuously over a period 


| of time T (i.e. T; + 0), the variance of the mean o# is given by: 


2. 2 
Tie 9.0 peti t _. 1) 
o2 T? To 


Fig. 4 shows the reduction in variance to be expected as a 


| result of time averaging with different numbers of observations 
im) 


TO 


1:0 10 100 
} TOTAL TIME OF AVERAGING / 7. 


Fig. 4.—Reduction of variance by time-averaging. 


per unit time; if a value of Ty of 0: 56sec is used here, the variance 
is reduced by a factor of 10 in 12sec provided that the time 
interval between observations is kept below 79. If the value of 


s 
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1-15sec is used for 79, the graphs will serve as a guide to the 
most unfavourable results likely to be obtained in practice by 
the time-averaging of bearings. 


(6) CONCLUSIONS 


The auto-correlation fvuctions calculated from the variations 
in bearing given by an Adcock direction-finder in the high- 
frequency band do not conform closely to any simple analytical 
form. They can be roughly represented by the exponential 
curve R(r) = e—%, where the mean value found for 7o is 
0-75sec with a standard deviation of 0-51sec. It has been shown 
that when this function is used to calculate the reduction in 
variance of bearings with large fluctuations a value of Ty of 
0-56sec is more appropriate, since lower values of Tp tend to be 
associated with the large bearing variances. 
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SUMMARY 


Observations on first- and second-order F-layer echoes from a 
pulsed transmitter at frequencies of 5-8 Mc/s have been made at two 
direction-finders separated by 213km. From a comparison of first- 
order bearings over the two paths it has been found that negligible 
correlation exists between similar components of the random iono- 
spheric tilts at points separated by 106km. However, relatively small 
average tilts over a period of an hour have been found to occur, and 
these are correlated over wide areas; they show a regular diurnal 
variation. 

The mid-points of the two transmission paths lay on land and on sea 
respectively, and a comparison of the directional variations exhibited 
by the second-order echo showed that the land behaved as a rougher 
reflector than the sea. The resulting difference in the total variance of 
bearings on this echo for the two paths was, however, small, as the 
deviations were mainly caused by ionospheric tilts. 


LIST OF PRINCIPAL SYMBOLS 
h = Height of ionospheric layer. 
D = Distance of transmission. 
@ = Angle of tilt of ionospheric layer from the horizontal. 
w& = Angle between axis of layer tilt and the normal to 
vertical plane containing transmitter and receiver. 


0,8” = Values of @ at reflection points for second-order 
reflection. 

wb’, = Values of % at reflection points for second-order 
reflection. 


a, = Bearing shift due to layer-tilt on first-order reflection. 
A, = Elevation shift due to layer tilt on first-order reflection. 
& = Bearing shift due to layer tilts on second-order reflection. 
A, = Elevation shift due to layer tilts on second-order 
reflection. 
5,, 59 = Angles of elevation of first- and second-order reflections. 
x, y = Orthogonal displacements of ground reflection point 
on second-order reflection, due to layer tilts. 
v, = Variance of bearing or elevation for first-order reflection. 
v, = Variance of bearing or elevation for second-order 
reflection. 
V5 = Slow component of first-order variance. 
Vz = Rapid component of first-order variance. 


V25 = Slow component of second-order variance. 
V2p = Rapid component of second-order variance. 
ks = 5/5. 


kp = Vopl%p- 
p = Correlation coefficient between ionospheric tilts at 
separated reflection points. 
o = Estimated standard deviation of p. 


(1) INTRODUCTION 


In recent years an extensive series of observations has been 
carried out on the direction of arrival of short radio waves 
reflected at the ionosphere. This work, which has been con- 


$= 
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ducted using pulse-modulated transmissions at vertical and| 
oblique incidence, has provided data on the limits of accuracy of | 
high-frequency direction-finding, on first-order reflections, set) 
It has been shown that slow) 


by ionospheric irregularities. 
changes in the direction of arrival occur, with periods of the 
order of 20min, and these are attributable to tilts of the surfaces 
of constant ionization density in the ionosphere.! 
mental results have been obtained, using spaced receivers or 
transmitters, which indicate the lateral scale of magnitude of 
these tilts.2 The slow changes are accompanied by more rapid 
fluctuations, due to wave interference within the ray and having 
periods of the order of a few seconds. 
of these are discussed in a separate paper.3 

In the course of the experiments a few observations were made 
on second-order reflections on an oblique path,! and these were 
found to exhibit a marked increase in the magnitude of the rapid 


fluctuations as compared with a first-order echo. The difference | 


was greater than that which would be expected solely as the result 
of two ionospheric reflections instead of one. It was suggested | 
that this state of affairs was attributable to scattering of the 
radiation by the ground at the mid-point of the transmission — 
path, which in this case was on land near Stockton-on-Tees. 
The question naturally arises whether such scattering would be 
appreciably different for a mid-point on the sea. 

The experiments to be described were carried out with two 
objects in view: 


Some experi- | 


The magnitude and causes . 


| 


(a) To obtain further data on the lateral scale of the ionospheric | 


tilts mentioned above. 


(6) To make a direct comparison of the effects on second-order 


reflections when the mid-points were on land and on sea respectively. 


(2) EXPERIMENTAL ARRANGEMENTS AND METHOD 


The experiments were carried out during the period from ~™ 


September, 1952, to March, 1953, and consisted of directional 
measurements at two different receiving sites on signals from a 
common transmitter. The transmitter was at Inverness, which 
is 704km from the direction-finder at Winkfield, Berkshire, and 
648km from that at Hemsby, Norfolk. The mid-points of the 
two transmission paths were, respectively, on land near Kirkby 
Stephen, Westmorland, and on sea, about 20km off the coast 
at Tynemouth. These points are 106km apart in a direction 
49° east of north. The geometry of the paths and the location 
of the various reflection points involved are shown in Fig. 1. 
The two direction-finders were of the same phase-comparison 
type,* each with an aerial spacing of 100m. The transmitter 
emitted pulse-modulated signals at various frequencies in the 
range 5-8 Mc/s, and the directional measurements were made 
over the same periods at the two receivers. These periods were: 
mainly in the daytime, but a few extended for several hours 
after sunset. Attention was confined to the first- and second- 
order F-layer echoes, and in each case the direction of arrival 
was measured in terms of the bearing deviation, «, from the 
great-circle direction of the transmitter, and the angle of eleva- 
tion, 6, above the horizontal. The individual observations, 


which were photographic, were normally made at regular 
[ 544] 


echo often limited the number of observations made on it. 
_ atternpt was made to synchronize individual observations at 
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WINKFIELO 


Fig. 1.—Plan of transmission paths. 


x Second-order ionospheric reflection. 
© Second-order ground reflection and first-order ionospheric reflection. 


intervals of 30sec on the first-order echo, irrespective of the 


signal amplitude, provided that this was sufficient for recording. 


Alternate measurements on the second-order echo were also 
made at 30-sec intervals when possible (i.e. four observations 
per minute in all), but the relatively low signal strength of this 
No 


the two direction-finders, but information regarding the pulse 
patterns received was exchanged by telephone, from time to time, 


_ while the measurements were being made. 


(3) RESULTS 


(3.1) General 


At the outset of the experiments it was found that much 
more diverse results, as between the two separated transmission 
paths, were in evidence than in previous experiments over closer 
paths. It was, in fact, sometimes impossible to identify with 
certainty corresponding echoes in the patterns observed at the 
two stations, and this was particularly the case when the pattern 
was complicated by the presence of reflections from the FI layer. 
However, as the period of the experiments was centred near 
midwinter, this complication was not serious, and in most cases 
a simple pattern was obtained, consisting of 1E, 1F and 2F 

jechoes. At times when the working frequency was close to the 


'F-layer m.u.f., the characteristic high- and low-angle ordinary 


and extraordinary components were seen, and with simple layer 
conditions could be readily identified. 


(3.2) Comparison of First-Order Results 


A comparison of the slow bearing variations of the 1F echo 
measured at the two receivers over the same periods shows 
results in marked contrast to those of the previous experiments, 
with comparatively small separation of the reflection points. 


In the present case the variations appear entirely dissimilar, 
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and on only a few occasions during the whole of the experi- 
ments has it been possible to identify corresponding features 
in the results. However, the magnitude of the slow changes 
varied considerably from time to time, and there was a general 
tendency for the larger variances to occur together at the two 
stations, although there were some striking exceptions to this 
behaviour. There was also a general correspondence between 
the magnitudes of the rapid fluctuations at the two places. In 
the angles of elevation, large slow changes—presumably due to 
overall ionospheric height variations—were also often well 
correlated. 

In previous work? a quantitative study of the correspondence 
between the layer tilts at two separated reflection points was 
made by calculating the correlation coefficient between the 
directional variations at the two stations (smoothed to eliminate 
the rapid fluctuations), for each of a number of periods of about 
an hour. The north-south and east-west components of the tilt 
were studied and were found to show very similar statistical 
properties, but it was shown that, in general, there is no correla- 
tion between their instantaneous magnitudes. The correlation 
between corresponding components at two separated reflection 
points was also found to be the same for north-south as for 
east-west. In these earlier experiments, reflection-point separa- 
tions of 13 and 46km were used, and it was estimated from the 
results that the correlation would fall to zero at a distance of the 
order of 50km; it was conjectured that it might be negative at 
greater distances. In the present experiments the separation 
was 106km, but strict comparison between corresponding com- 
ponents of the tilt was not possible, because the transmission 
paths were not parallel, but inclined to one another at an angle 
of 16° (Fig. 1). The actual correlation studied was that existing 
between the slow changes in the bearings on the first-order echo, 
which corresponded to tilts at the two reflection points about 
axes inclined at this angle of 16° to each other. Accurate 
correlation between the tilts about the orthogonal axes could not 
be obtained by comparison of the variation in the angles of 
elevation, because these are also affected by changes in the height 
of the ionosphere. For example, a large correlation coefficient 
obtained between the angles of elevation could be produced by 
large overall-height changes or by true correlation between the 
ionospheric tilts, but the two effects are inseparable. (in the 
previous experiments, mentioned above, the distances of trans- 
mission were short enough for the effects of height changes to 
be negligibly small in comparison with the effects of tilts.) 

For each hourly period the correlation coefficient between the 
bearing changes was calculated for zero time displacement of 
the results, and also for relative time displacements of up to 
10min each way. The resulting coefficients provide cross- 
correlograms similar to those used in previous experiments of 
this kind.2 In contrast to previous results, these showed no 
well-defined general form, and the three examples given in 
Figs. 2(a), 2(b) and 2(c) illustrate their diverse nature. Table 1 
shows the results of an analysis of the correlation coefficients 
obtained from 30 sets of results for various time displacements. 
For each time displacement the mean correlation coefficient, p 
and its estimated standard deviation, o, are given. 

There is a tendency for the correlation to be negative for time 
shifts around zero, but these values are seen to be scarcely 
significant at the 5% level. Thus, for all practical purposes the 
tilts at reflection points with this separation (106km, N 49° E) 
may be regarded as uncorrelated. The rising values of p for 
increasing time shifts either way indicate a tendency [exemplified 
in Fig. 2(c)] towards periodic bearing changes with a period 
of 20-30 min. 

Fig. 2(d) is a correlogram relating to observations taken 
during 14 hours just after ground sunset on a day when a 
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Fig. 2.—Correlograms for 1F bearings at Winkfield and Hemsby. 


(a) 1030-1145 U.T., 21st October, 1952; 7-74 Mc/s. 
(b) 1335-1500 U.T., 23rd October, 1952; 7-74 Mc/s. 
(c) 1550-1655 U.T., 3rd March, 1953; 6:58 Mc/s. 

(d) 1635-1810 U.T., 12th November, 1952; 5:58 Mc/s. 


Table 1 


CORRELATION COEFFICIENT BETWEEN 1F BEARINGS AT WINKFIELD 
AND HEMSBY 


Hemsby leading by 


Winkfield leading by 


10 min 6 min 3 min 


marked sunset effect was observed. The positive correlation 
shown in this case (which is not included in Table 1) is accounted 
for by a systematic ionospheric tilt over the sunset period on this 
day. The tilt was in the expected sense, i.e. down towards the 
west, and produced bearing shifts of 24° towards the west at 
each direction-finder. Recovery to normal was effected about 
14 hours after ground sunset. The maximum correlation 
occurred at a time displacement of about 10min (Hemsby 
leading); the time difference corresponding to the longitude 
separation o* the reflection points for the two trajectories was 
43min, in the same sense. 
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(3.3) Comparison of Second-Order Results 


At the start of the experiments it soon became apparent that i 
there was a marked qualitative difference between the behaviour | 


| 
| 
| 


of the 2F echoes at the two receiving stations, in respect of the 
amplitude of the 2F echo relative to that of the 1F echo. At 
Hemsby, the 2F echo, although generally much weaker than the 
1F echo, could usually be seen, provided that the working 
frequency was not too high, and satisfactory measurements could 
be made on it. At Winkfield, on the other hand, the 2F echo 
was so weak that measurements of its direction of arrival could 
be made only infrequently. It was also more spread out in time 
of arrival than at Hemsby, giving the appearance of a scattered 
echo. When the echo was strong enough, it could be seen that 
the direction of arrival was varying rapidly, in a manner charac- 
teristic of wave-interference conditions. At Hemsby, the echo 
was in every respect more like a first-order reflection. This was 
particularly noticeable when the working frequency was near the 
m.u.f. for the second-order ray, when the characteristic increase 
in equivalent path and angle of elevation was well marked. 
The appearance of an extra component, which was probably the 
high-angle, or Pedersen, ray and which coalesced with the main 
echo as the m.u.f. condition was reached, was also sometimes , 
noted. At Winkfield, on the other hand, although well-defined | 
multiple components in the 2F echo were occasionally seen, this 
m.u.f. effect was never clearly observed. 

It was thought possible that the difference between the relative 
1F and 2F amplitudes at Winkfield and Hemsby might be due 
to the polar diagram of the transmitting aerial, which was a 
vertical rhombic, since the bearings of the two receivers from | 
Inverness differed by 16°. However, calculations showed that 
the ratio of the field strengths of radiation emitted at the angles 
of elevation appropriate for 1F and 2F transmission was sub- 
stantially the same for either bearing. There were also no 
differences in the receiving aerials which would account for the 
different behaviour at the two sites, and it therefore appears 
that this can be attributed to a difference in the reflection 
properties of the land and sea at the mid-points of the trajectories. 

As the experiments progressed, more 2F measurements became 
available, so that a quantitative comparison of the variations in 
direction of arrival could be made. It was now found that, 
although the appearance of the Hemsby results (plotted against 
time) was generally more coherent than the corresponding ones 
at Winkfield, the total variances were on the whole not very 
different. Fig. 3 shows an example of these results, the angles - 
of elevation and the bearings being shown for both the first- 
and second-order echoes. The slower fluctuations, due to tilts, 
are much more evident in the Hemsby 2F results than in those 
for Winkfield. 

For the purpose of numerical analysis the results have 
been divided up into periods of about an hour, and for each 
period the variance of the individual bearings about the mean 
for the period has been calculated. For most of the 1F 
results a fairly accurate division into the “slow” and “rapid” 
components of variance could be made, and this was done 
wherever possible. Since the number of 2F observations’ per 
period varied considerably, a single overall variance estimate for 
each type of bearing was made by pooling all the observation 
periods for which that variance had been calculated. (In this 
process the individual errors were still referred to the period 
mean.) The first two lines of Table 2 show the results of this 
analysis, the variances being given in degrees squared. 

The last two lines of the Table show the results of a similar 
calculation using only selected periods during which results were — 
obtained at both Winkfield and Hemsby on both 1F and 2F 
echoes. These provide a fairer basis of comparison of the results 
at the two stations, and, as might be expected, the corresponding 
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Fig. 3.—Simultaneous measurements of bearing and elevation angle at Winkfield and Hemsby. 


ond-order F reflections. 


20th February, 1953; 5:25 Mc/s. 


Table 2 


OF 1F AND 2F BEARINGS 


Number of 


Buseiatione Slow variance 


Number of 


Gneerr atone Total variance 


Rapid variance Total variance 


deg? 
All results .. Hemsby ToT 0-63 
Winkfield 7 344 0-66 


deg? deg? 
0-26 0-89 2 114 
0-32 0-98 1176 


| ae 


Selected periods | Hemsby 2 250 0-73 
Winkfield 2338 0-71 


variances at Winkfield and Hemsby are in somewhat better 
agreement than in the previous case. In this case the difference 
between the 2F variances is only 1-2deg?, but with the number 
of observations given this difference is significant at the 5% 
probability level. Thus it may be concluded that, under the 
‘conditions of the experiment, the different behaviour of the land 
and sea at the mid-points is established, but that it introduces 
only a small difference in the total variance of the 2F bearings. 
In Section 7 a theoretical discussion is given of the relative 
effects on first- and second-order reflections over the same 
transmission path, the slow and rapid types of variation being 
considered separately. Eqn. (14) shows that the rapid com- 


0-31 1-04 1 318 
0-35 1-06 942 


ponent of 2F variance would be expected to be about five times 
that of the 1F variance if the ground were perfectly smooth, so 
that the mid-point reflection did not provide any additional 
variance contribution. Taking the rapid 1F variance as 0:3 deg? 
from Table 2, the rapid component of 2F variance would then 
be only about 1-5deg?. . This is only a small proportion of the 
total 2F variance, so that the remaining slow component should 
be clearly seen. In the Hemsby results this is sometimes the 
case, as in the example shown in Fig. 3, and it can then be said 
that the mid-point reflection at the sea is almost specular. In 
general, however, it appears that this reflection contributes some 
extra variance which tends to obscure the slower lateral deviation 
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effects, and this process is more marked on the Winkfield results 
where the mid-point reflection is on the land. 

It is not possible to make an accurate division of the average 
overall 2F variance into rapid and slow components, since in 
many cases, even at Hemsby, the rapid fluctuations constitute 
a large enough proportion of the total variance to obscure the 
slower changes. However, it can be said that the results are not 
inconsistent with a factor k, of about 10 [see eqns. (7) and (15)], 
as expected for uncorrelated tilting at the two ionospheric 2F 
reflection points. 

It may be noted that both at Winkfield and Hemsby the total 
2F variance for a particular period shows significant positive 
correlation with the total 1F variance for the same period. 
Furthermore, the total 2F variances for corresponding periods at 
Winkfield and Hemsby are positively correlated, as are the 1F 
variances (see Section 3.2). Thus, although the experiments 
show that negligible correlation exists between the instantaneous 
tilts at points about 100km apart, they also indicate that there 
is a general correspondence between the magnitudes of the 
directional changes produced at reflection points over a wide area, 
of the order of 2 x 104km? at least. 


(3.4) Comparison of Mean Bearing Errors 


An analysis has also been made of the mean bearing errors 
over hourly periods, obtained at the two stations, on the 1F 
and 2F echoes. At either station a significant positive correlation 
was found between the 1F and 2F period-mean errors, i.e. a large 
mean error on the 2F echo was associated with a large mean 
error of the same sign on the 1F echo. This indicates the 
existence of real mean tilts over an hourly period, which are, 
moreover, correlated at the various reflection points along each 
transmission path. From the range of variation of these tilts, 
they appear to be not more than about 1° in magnitude. In 
accordance with eqn. (9) the effect on the bearings is about four 
times as large on the 2F as on the 1F echoes. Correlation has 
also been obtained between the period-mean 2F bearings at 
Winkfield and Hemsby, showing that these mean tilts may exist 
over the whole area covering the various reflection points shown 
in Fig. 1. 

By plotting the mean bearing errors against time of day, 
a definite indication of a diurnal trend has been obtained, both 
on the IF and 2F echoes. Over the period 1000-1600U.T. 
there is a swing of the bearings towards the west at a rate of 
about 0-15deg/h on the 1F bearing and 0-6deg/h on the 2F 
bearings. This represents a layer tilt changing at the rate of 
0,;2deg/h, and is in the same sense and of similar magnitude to 
the effect already reported by Budde.° It produces an entirely 
negligible contribution to the total variance occurring in a period 
of an hour, and so does not affect the correlations discussed 
in Section 3.2. 


(4) CONCLUSIONS 

The following conclusions may be drawn from the experi- 
mental results described above: 

(a) The correlation between closely corresponding components 
of ionospheric (F-layer) tilt is negligibly small at two points 
separated by 106km in a direction N 49° E, although this may 
not hold at times near sunrise or sunset, when large-scale tilting 
may occur. A daily variation of the tilt in an approximately 
east-west direction has been found to occur at a rate of about 
0:2deg/h. 

(6) On second-order F-layer transmissions over distances of 
about 700km, with mid-points on land and on sea, the land 
behaves as a rougher reflector than the sea for frequencies of 
5-8 Mc/s. The effect of this is to increase the rapid directibnal 
fluctuations of the echo, but in the case studied this added only 
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ay 

a small amount to the total bearing variance, which was caused © 
mainly by ionospheric tilts. _ | 
(c) The variance of bearings on the 2F reflection at the range. 


of 700km is about 12 times that of bearings on the 1F reflection.» 
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(7) APPENDIX 
(7.1) Theoretical Considerations 


In considerations of the effect of ionospheric tilts on the 
direction of arrival of a wave reflected at oblique incidence, it is 
convenient to resolve the tilt into two orthogonal components | 
with horizontal axes in, and normal to, the great-circle plane of | 
propagation. If the layer at any time is tilted at an angle @ to 
the horizontal, and the axis of tilt makes an angle % with the 
normal to this plane, the component @ cos % produces a change 
in the angle of elevation of the wave and the component 6 sin w 
produces a change in the bearing. 

The relative effects of small layer tilts on first- and second- 
order reflections will now be examined, taking for simplicity the 
case of plane-earth transmission; for the distances actually — 
involved the curvature of the earth introduces only minor — 
modifications. If the height of the layer is A and the distance of 
transmission is D, the component of tilt @ sin % produces, on 
the first-order reflection, a change in bearing given by | 


a, = Oh Dee ae 


and the orthogonal component of tilt produces a change in } 
elevation angle A, given by 


A, = 8 cos # (2) ; 


Now suppose that, for a second-order reflection over the same 
distance D, the layer tilts at the first and second ionospheric 
)) reflection points are specified by (6’, xb’) and (0”, «b’) respectively. 
|, It may then be shown that the overall effect is a bearing error of 


ay = (2h[D)(O" sin p’ + 36” sing”)... @) 
| and an elevation shift of 
| Ay = (0 cos’ +30” cos’). . . . (4) 


Thus the tilt at the reflection point nearer to the receiver 
_Targely determines the directional changes observed there. 
Under the same conditions the reflection point at the earth, 
| which is normally half-way between the transmitter and receiver, 
‘| is displaced along the line joining them by a distance 


x =(h+ D?/16A)(0’ cos #’ + A’ cos) . . (5) 
| and normal to this line by a distance 
| 
y y=(h+ D716A)0 sin f’ + 6’ sin¥’) . . © 


| In the present experiments, taking 4 as 250km and D as 650km, 
it is seen that simultaneous tilts in the same direction of the 
| order of 2° would be required to move the Inverness-Hemsby 
mid-point, which was nominally on the sea, on to the land. 

To compare statistically the magnitude of the angular fluctua- 
' tions attributable to tilts, on first- and second-order echoes, it 
| may be assumed that 0’ and 6” have the same statistical properties 
as 0, and that wb, wh’ and yb” vary at random. The resulting 
| variance of «, and A, will depend on the correlation between 
the tilts at the two reflection points, which, for a 700km path, 
are 350km apart. It is seen from eqns. (1)-(4) that the following 
relations exist between the variances of a, and «2, and between 
| those for A, and Ag, in the cases specified. 


Ss 


(a) No correlation between the tilts: 


Bsr a obeys wD 


Be rs ee) 


(6) Perfect correlation between 6’ and 6’, and between 
and wi": 


eter Yo |e @) 
K3 = 402 . (10) 


(c) Perfect negative correlation between 0’ sin 2’ and 6” sin ab’ 
and between 0’ cos ws’ and 0” cos #”’: 


ee a th att) 
AZ = A} (12) 


Thus the ratio of the variances on second- and first-order 
bearings, due to tilts, can be between 4 and 16, with 10 as the value 
to be expected for negligible correlation at the reflection points. 
It has been pointed out that the directional deviations on a 
‘single echo, caused by ionospheric tilts, are always accompanied 
/ by more rapid fluctuations, produced by wave-interference effects. 
Thus the total variance comprises two components, and for a 
first-order echo at moderate ranges, such as used in these experi- 
ments, these can be generally separated by inspection of the 
results plotted against time. 

The major cause of the rapid variance on a first-order ray is 
believed to be the presence of ionospheric irregularities, which 
convert an incident plane wave into a diffuse reflection consisting 
of an angular distribution of energy. In ablique-incidence 
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transmission this angular distribution may be modified by 
random site errors, i.e. by re-radiation from objects on the ground 
at distances of up to several kilometres from the receiver,® but 
for short distances of transmission such as are involved here, 
the angular spread of the downcoming wave itself is probably of 
major importance in the bearing fluctuations. If now a signal, 
after a single reflection at the ionosphere, and consisting of a 
certain angular power distribution determined by the ionospheric 
irregularities, is reflected at a perfectly smooth earth, this angular 
distribution will remain unchanged as it impinges on the iono- 
sphere at the second reflection. After the second reflection the 
distribution will have a wider spread, and if the scattering 
properties of the ionosphere are the same for each reflection, it 
may be shown that for narrow distributions the mean-square 
angular deviation has twice its previous value. This will apply 
at a given angle of incidence, and since different angles of 
incidence occur for first- and second-order reflections over a given 
distance of transmission, this relation will be modified if the 
angular distribution produced by reflection is a function of the 
angle of incidence. However, if it is assumed as a first approxi- 
mation that this distribution is substantially the same for the 
angles of incidence applicable for first- and second-order 
reflections (about 55° and 35° respectively, at Winkfield), the 
angular deviations in the plane of propagation will be related by 


N= 2% (13) 


This relation will not be directly applicable to the measured 
variations in the angle of elevation, which are known‘ to be 
affected by the random site errors previously mentioned. The 
effects are particularly marked at the lower angles of elevation, 
and thus the 1F measurements will show greater fluctuations, 
relative to the 2F measurements, than are indicated by eqn. (13). 
For bearings, the 2:1 increase in variance in going from 
first-order to second-order reflections will probably not be much 
affected by site errors, but it will be modified by the fact that the 
angular distribution producing bearing fluctuations is in a plane 
inclined at the angle of elevation 6 to the horizontal, whereas the 
fluctuations are measured in the horizontal plane itself. Thus 
they are magnified by a factor sec 6, and under the above con- 
ditions the relation between the rapid components of the bearing 

variance is 
a = 2cos? ,/cos* 83)? (14) 


With the average values of 5, and 6, occurring in the experiments, 
this gives a variance ratio of about 5 for the rapid bearing 
fluctuations. 

The effect of reflection by a rough surface at the mid-point, 
instead of by a smooth earth as assumed so far, would be to 
increase the numerical factors on the right-hand side of eqns. 
(13) and (14). For instance, if the earth were of the same degree 
of roughness as the ionosphere, these factors would both be 3 
instead of 2. 

The total variance, v2, of a second-order echo may be expressed 
as the sum of the slow and rapid variances discussed separately 
above. If these are represented by v2, and Vp respectively, the 
relation may be written 


U2 = Uz5 + op = kgs + Kriz (15) 
while the total variance, v,, for a first-order echo is given by 
‘Y= Us + %p - (16) 


These equations apply to either bearings or angles of elevation; 
ks and kp are numerical factors whose values will be of the order 
indicated above in eqns. (7)-(12), (13) and (14) respectively. 


| [The discussion on the aboye paper will be found overleaf.] 
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DISCUSSION ON THE ABOVE FOUR PAPERS BEFORE THE RADIO SECTION, 


Mr. W. Ross: A short time ago a colleague commented that 
there had been no substantial advances in high-frequency 
direction-finding for twenty years. He meant that we are still 
using the same U-type Adcock direction-finder~as was used 
20-25 years ago: A closer examination of the situation, how- 
ever, shows that although there may not have been much change 
in the actual equipments, we do know a great deal more about 
direction-finding, and are able to make better use of the direction- 
finder now than we could then. I only wish that my friend 
were present this evening so that he might have an opportunity of 
admitting that, after all, we have not really been wasting our 
time for twenty years. 

Taking Mr. Bramley’s second paper first, I consider that it 
marks another step forward in our understanding of the slowly 
varying undulations which occur in the ionosphere. Having 
already shown that ionospheric tilts are correlated over distances 
of 10-20km, he has now increased the distance between 
observing stations to the point where they are uncorrelated. 
This information is very important in the application of high- 
frequency direction-finding so that we can understand better 
how, for example, to place direction-finders in order to achieve 
the maximum fixing accuracy. 

His results on multiple echoes are also of great interest. Once 
we began to understand that irregularities in the ionospheric 
layers caused fluctuations in bearing, it became clear that we 
should have to consider the influence of the ground, which comes 
into the picture when dealing with multiple reflections. It was 
immediately obvious when the experiments that Mr. Bramley 
describes were started several years ago that multiple echoes were 
very inferior to single reflections in their directional charac- 
teristics. Mr. Bramley has been able to show that, on substi- 
tuting for normal irregular ground a piece of reasonably flat 
sea as the “bounce” point of the multiple echo, there is an 
appreciable improvement in its directional characteristics. It 
might perhaps be commented that the results referred to are 
not necessarily typical of a true sea reflection case, because the 
mid-point of the path is fairly close in-shore and undoubtedly 
the ground on shore must have had some effect. Mr. Bramley’s 
results emphasize, however, that in practical direction-finding, if 
one can select from the composite received signal a component 
which has not struck a rough patch of earth, one is likely to 
achieve better direction-finding accuracy. 

In Mr. Bramley’s first paper he shows that, while the rapid 
fluctuations tend to be smaller than the deviations due to 
lateral deviation when dealing with steeply incident waves, the 
same is not true for waves of small angles of elevation, so 
that at the greatest distances it is the rapid fluctuations which 
predominate. 

I would draw attention to Mr. Bramley’s reference to site 
errors, as one of the causes of the “‘coning” of the ray. Site 
errors are responsible for some of the quite rapid fluctua- 
tions as well as being the cause of more systematic errors in 
bearing. 

Dr. Bain’s paper was of great practical interest, since for most 
applications one is dealing with continuous-wave signals. He 
has demonstrated quite clearly the length of time needed to 
average out the rapid fluctuations. It has always been appre- 
ciated that a bearing averaged over a period would be better 
than a single spot reading. Dr. Bain has shown that, so far as 
the rapid fluctuations are concerned, a period of 4min or so is 
the sort of time that is necessary. If we are to remove the still 
slower fluctuations due to lateral deviation it is necessary to go 
to a much longer period of averaging; it is no good mérely 
extending the half-minute to a few minutes. This can be very 
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important in deciding, for example, how far one is able to load | fi 
up a direction-finding network. 

Mr. Bowen’s paper is really two papers in one, the first dealing H 
with a statistical analysis of bearing errors, and the second with | 
site resistivity effects. The first part is probably more important | 
and more interesting, because one must understand how the | 
various components of the error contribute to the overall bearing | 
error before one can attempt to improve bearings by any system 
of averaging. It is important in another connection, because | 
when it comes to using direction-finding for position-fixing, it | 
is necessary to be able to assess the reliability of the individual 
bearings contributing to the fix. This is what is commonly | 
called “‘bearing classification.” 

Bearing classification in the past has often been regarded as 
something of a mystery, a mystery to which comparatively 
humble operators with no detailed knowledge of propagational - 
processes were supposed to hold the key, being gifted with some 
sixth sense not possessed by trained engineers. In fact, they 
have no access to any information that is not present in the 
observations themselves. To be able to analyse the bearings, 
and decide what are the important contributions to the total 
bearing error is a step forward towards a logical system of 
classifying bearings, i.e. of assessing a priori their probable 
accuracy. 

The second part of the paper, dealing with resistivity effects, I 
must admit to finding less valuable. I am quite certain that 
variations in resistivity over a site are factors which should not 
be ignored in selecting sites, but I do not think that Mr. Bowen 
has given a convincing account of precisely how they affect 
bearings. His analysis is perhaps a little too simple in that it 
deals with changes taking place over distances of the order of a 
wavelength or even less by a method which is rather analogous 
to. geometrical optics, instead of from a wave analysis point of 
view. Mr. Bowen himself indicates that the deductions made 
from the analysis do not tie up very closely with fact. 

The overall impression made by these papers is that there is | 
still one outstanding requirement in high-frequency direction- | 
finding. We now know a good deal about the ionosphere and its 
effects, and we understand the causes of the various fluctuations 
in bearing. I think we would all agree that there remains one 
influence we should like to remove, and that is the effect of the 
site. If we could have a direction-finder that was more immune - 
to the influence of its surroundings it would be a major step 
forward. 

Mr. J. F. Hatch: Although the accuracy of commercial 
direction-finders commonly in use is generally of a high order, 
it has been realized for some time that the errors in the instru- 
ment itself, including the aerial system of, say, a U-Adcock on 
a very good site, represent a small proportion of the total errors 
of the received wave under conditions of wave interference. 

An attempt was made during the war to take bearings on 
various: components of rays arriving from enemy signals, and 
although some quite elaborate equipment was designed, we were 
handicapped by lack of knowledge of the accuracy to be expected 
from the components after they had been separated. 

I was particularly interested in the results of time averaging 
given in Dr. Bain’s paper, and I can confirm these results from 
experiments recently carried out on a commercial direction- — 
finder using an electronic method of counting bearings and 
averaging them over various periods both on continuous-wave 
and keyed Morse signals. 

On recent measurements a time interval of 0:72sec was used 
between adjacent readings. The reduction of variance was found 
to be fairly constant for stations whose distance from the receiver 
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|| varied between\a few hundred and several thousand kilometres. 
In Mr. Bowen’s paper, time averaging is mentioned in the 
| process of observing a bearing over a period of 30sec. I should 
| like to know if this refers to a manually operated direction-finder 
| using a swing bearing technique or a cathode-ray direction-finder 
| using a cursor. 

| It has been my experience that averaging a bearing by either 
| of these methods is liable to error, because the operator is quite 
| often influenced by the position of the pointer, or the cathode-ray- 
| tube trace in the latter portion of the observational period, and 
not the mean position over the whole period. This may explain 
some of the large variances due to operator error. 

| Several methods of time averaging have been tried in recent 
| years, by continuous recording of the pointer position on a tape, 
| or the more modern method of counting degrees on electronic 
_ counters, and dividing the total by the number of bearings taken 
| ina given time. In fact, with this technique it would be possible 
to check the ability of an operator to estimate an average bearing 
/ over any given period, but better still to design an automatic 
| method of bearing presentation, not necessarily to replace the 
| operator but to assist him. 

_ Dr. R. L. Smith-Rose: Reading these papers I was reminded 
| of the first contact that I had with the subject of radio direction- 
| finding through one of the earliest, if not the first of the papers 
‘on the subject presented before this Institution in 1920 by H. J. 
-Round.* The author gave an account of his experience in 
| developing direction-finders during the First World War, and I 
/found it interesting to look back at that paper to obtain an 
_ appreciation of exactly how the subject has moved over the 


intervening 35 years. One of the first things that interested me 
_was that there is in the paper a graph of bearing fluctuations 
| occurring due to changes in the ionosphere—although this was 
not stated, of course, at that time—which might well have done 
for one of the illustrations in the present papers. The bearings 
were varying over 2° or 3° in a matter of two minutes, but the 
_ conditions were, of course, quite different. 
Another point which intrigued me in this earlier and classical 
| paper was that quite clearly the workers of those days had in 
mind accuracies of 1° for their instrument. Indeed, it is speci- 
fically stated as the probable accuracy; and in the discussion of 
that paper there is an interesting account by Admiral Sir Henry 
Jackson, who was First Sea Lord at the time, of the manner in 
which a change in bearing of 14° on transmissions from the 
German Fleet was the deciding factor in his final resolution to 
send the British Grand Fleet to sea, which resulted in the Battle 
of Jutland. I wonder whether the authors of these four papers 
would like to risk their reputations in making such a decision 
under similar conditions! 
_ Referring to Mr. Bowen’s paper, I should like to ask whether 
the diagram showing the conductivity contours of the ground is 
typical of the sort of sites that we ourselves have used in extensive 
experimental work on direction-finders. I cannot think that we 
found the conductivity of sites varying over a range of more 
than 2:1, and I wonder how the author’s observations of con- 
ductivity were made in such fine detail as to enable him to set 
the contours so close together. I also wonder whether it is 
adequate to take into account a depth of Sft in determining the 
conductivity of the surface. 

I should like to ask Mr. Bramley a question on the relation 
between auto-correlation functions in time and distance. I 
gather that if observations are taken at intervals of more than 
Ssec there is no auto-correlation in time. Now in that space of 
S5sec the particular irregularity looked for in the ionosphere will 
have drifted on a distance of the order of one or two kilometres. 

It would thus appear possible to predict that the lack of correla- 


| * “Direction and Position Finding,” Journal I.E.E., 1920, 58, p. 224. 
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tion in time of Ssec corresponds to a lack of correlation in 
distance of a few kilometres. 

Finally, I should like to sympathize with Mr. Bowen in having 
to use ordinary operators in making his observations. We 
learnt from bitter experience many years ago that it is very 
risky to attempt to have accurate scientific observations made in 
this way, unless adequate means are available to check the 
results. The personal error resulting from the use of such 
observers is often the limiting factor in attaining accuracy in 
radio direction-finding; and it is not always easy to separate such 
errors from those due to the instrument and to the vagaries of 
the ionosphere. 

Mr. D. W. G. Byatt: Dealing first with Mr. Bramley’s paper 
on fluctuations over two transmission paths, the large total 
variance of the 2F reflections is interesting. The fact that the 
bearing error due to tilts is shown to be inversely proportional 
to the distance of the transmitter, and is also largely controlled 
by the nearness of the last ionospheric reflection point, has 
been my experience in recent experiments. 

Some of the effects of wide fluctuations of relatively near trans- 
mitters compared with distant ones can be accounted for by the 
decrease in polarization protection of a U-Adcock for high-angle 
rays, but I believed, as has been shown, that this was not the 
main effect. In the set of observations shown in the paper 
there seems to be some correlation between bearing fluctuations 
and change of elevation of the ray. This may, however, be an 
isolated case and insignificant. 

Referring to Dr. Bain’s paper, I had available a continuous 
set of recordings of bearing taken at the rate of 124 per second 
on similar equipment during 1945. This also indicated strong 
auto-correlation for an interval less than about half a second. 

In dealing with possible improvements in operational high- 
frequency direction-finding, the two main sources of error to be 
tackled seem to be those due to wave interference and observa- 
tion. Automatic indication of bearing, although difficult to 
make comprehensive for the numerous types of transmission in 
the high-frequency bands, should go a long way to solve the 
operational problem. Combining this with some form of time- 
averaging will help the removal of much of the error due to wave 
interference. 

Mr. Bowen’s paper is interesting particularly with respect to 
the effect of ground resistivity on the performance of a grounded 
U-Adcock. Is it the author’s opinion that the effects would be 
less on a balanced aerial system, say of the loop type? 

I should like to remark on the fact that all the measurements 
on directional fluctuations have, naturally, been made on either 
the vertical electric or horizontal magnetic component of the 
wave. The polarization of the wave from a distant transmitter 
has random, including circular, polarization on arriving at the 
direction-finder, and it is conceivable that when wave-interference 
effects in one plane of polarization cause large bearing errors, as 
well as fluctuations, the waves in the other plane may be strong 
and normal. 

Measurements have been made that show considerable reduc- 
tion in fading if both the horizontal and vertical components of 
the wave are received, the improvement being comparable to 
that achieved with spaced diversity. Is Dr. Bain of the opinion 
that useful reduction in bearing fluctuations could also be made 
if both components of the incident waves could be sampled? 

Mr. F. J. M. Laver: My interest is not in high-frequency 
direction-finding as such but in aerials for high-frequency point- 
to-point radio systems. In such systems there is much to be 
said for spending money on the receiving aerial rather than on 
increasing transmitter power. Thus, increasing the transmitter 
power increases mutual interference, but improved receiving 
aerials help considerably to decrease it. 
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An important question is, How far is it practicable to narrow 
the beam of the aerial? There seems to be some danger that, if 
the beam is too narrow, fluctuations in direction of arrival may 
take the signals outside the beam and result in loss of signal 
strength. One can imagine a pencil-beam array automatically 
following variations in the direction of signal arrival, but:I 
conclude that the rapid fluctuations which Mr. Bramley describes 
are the response of his direction-finder to the diffusion of the 
signal energy rather than actual variations of some resultant ray. 
If that is so, it is difficult to visualize what fluctuations in direction 
the array as a whole should be steered to follow. 

Moreover, I should like the authors’ opinion on whether the 
phase incoherence which ionospheric irregularities introduce 
prevents the large arrays from having high directivity. Thus, 
bearing correlation is lost at a spacing of 400m, which is com- 
parable with the dimensions of a large linear array which might 
be used to produce a pencil beam for high-frequency reception. 
Presumably, the phases of signal currents induced in the indi- 
vidual aerials of such an array are more or less uncorrelated, 
and will not combine in the intended way to produce a pencil 
beam. Does this mean that 400m represents the practical limit 
of size for a high-frequency receiving aerial, bearing in mind 
that such an aerial would be most useful when conditions were 
disturbed ? 

The spacing of 400m is measured transversely; has the author 
a similar figure measured along the direction of arrival? 

Mr. Bowen mentions rare occasions of low signal strength and 
wide deviations. Can he say how often wide deviations occur 
and how large they are? We have heard on other occasions of 
very large deviations in the apparent direction of arrival of 
signals. Have the authors observed any large sustained devia- 
tions from true bearing? 

Dr. Bain’s Fig. 1 gives two curves of bearings of signals from 
Leipzig which differ considerably ; is any reason known to account 
for this difference? The lower curve interests me particularly, 
because it seems to have a number of variations of similar 
character; these consist of a positive spike immediately followed 
by an equal negative spike, and J should like to ask whether they 
are characteristic of wave-interference effects. 

Mr. D. S. Palmer: The variance ratio test used by Mr. Bramley 
in discussing the Hemsby and Winkfield results is valid only if 
successive members of the populations tested are independent. 
Here 2F bearing errors at Hemsby and Winkfield are compared 
and their numbers are taken as 1318 and 942. The variance 
ratio of 1-2 comes out significant; but as the Hemsby figures at 
Jeast are highly correlated, the number of effective independent 
observations is much less. The period containing one inde- 


ice} 
pendent observation on the variance is approximately 2 p*(t)dt 
0 
where p is the auto-correlation. 
We can estimate the number of independent points in the 
Hemsby figures illustrated in Fig. 3 of Mr. Bramley’s first paper. 
The slow variation passes through the mean about four times 


an hour, and if we assume an autocorrelogram eo to. ty by 
Rice’s equation is 1/47r.. Take the long-term variance as 80% of 


. . _— 2 
the whole so that the autocorrelation is 0:8e rihar together 


with an extra element for small t, quickly falling away; the 
integral gives 54 independent points an hour in place of 100 in 
the diagram, and on the same proportion would give 72 inde- 
pendent points in all instead of 1318. 

If we use the approximate result that the variance ratio for 
large numbers 1, and 7, is normally distributed with mean 1 


and standard deviation ae 1 + M2) 


$ 
, we get standard devia- 
nyN2 
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tions of 0-06 for 1318 and 942, but of 0-17 for 72 and 942" | 
assuming that there is no coherence at all in the Winkfield | 
results. The ratio of 1-2 is thus significant in the first case but | 
not significant when allowance has been made for the internal | 
correlation of the Hemsby results. 

Dr. G. J. Phillips: I believe that the Appendix to Mr. Bramley’s | 
first paper will prove a very valuable contribution to our under- 
standing of the mechanism behind fading and its associated | 
fluctuation effects. A point of interest in this paper is the way 
in which the directional fluctuations increase as the radio fre- 
quency is lowered. Thus both theory and experiment indicate, 
for near-vertical incidence, a degree of fluctuation varying 
inversely as the square of the frequency in the h.f. band. At 
which point does the law cease to hold at lower frequencies? 
Experiments at medium frequencies show fairly large fluctuations 
(of the order of 8° at 1 Mc/s), but these are not quite as large as 
would be expected from the law. This is presumably because 
the reflection point at medium frequencies would generally lie 
within the main disturbing region, whereas the law is expected 
to hold well only if the disturbing region is entirely below the 
point of reflection. 

Concerning instrumentation, has a continuous recording of 
phase difference between two aerials been considered for investi- 
gating variations in direction of arrival? 

Dr. H. G. Hopkins: My remarks are mainly concerned with 
Mr. Bowen’s paper, in which I would welcome elaboration of 
some points of detail. It is not stated whether the data refer to 
observations made visually or aurally; if aural-null observations 
are included, do the results show any spurious correlation between 
successive bearings due to the operator, particularly when the 
swing about the minimum is large? Such an effect was reported 
by Ross (Journal ILE.E., 1947, 94, Part IIIA, p. 722), and it 
would be of interest to know if the present analyses provide 
qualitative or quantitative confirmation. 

It would be helpful if Mr. Bowen could indicate how the 
variance due to residual octantal errors (Section 2.4) was 
extracted from the data. The discussion in Sections 3.2 and 3.3 
shows that the composite wave-interference and observer variance 
was derived by allocating 2 deg? for distant site and instrumental 
errors, although the analysis provides no independent confirma- 
tion of this figure. It therefore appears that the logical inference 
should be that wave-interference and observer variance is less 
than 5-8 deg? rather than “‘about 5 deg?,” as stated in Section 3.3. 
The practical distinction between these two statements is, of: 
course, small. 

The analysis of the variance of bearings is of importance in 
arriving at objective methods for the classification of bearing 
accuracy. The bases for such methods, at any rate in the hf. 
band, have been known for a number of years, yet subjective 
classifications relying on the judgment of the operator still exist. 
It is to be hoped that the objective classification systems will find 
more widespread use in the future. 

Dr. J. A. Saxton: In his first paper, Mr. Bramley suggests an 
explanation of the rapid directional fluctuations of waves reflected 
at the F-region, based on the irregularities known to exist in the 
density of ionization in the E-region. From his results Mr. 
Bramley deduces that the “‘scale’’ of these irregularities is of the 
order of 500m. The corresponding value used by Bailey and his 
colleagues in interpreting their observations on long-distance 
v.h.f. transmission by means of ionospheric scattering is 100m: 
similar work carried out recently in this country, by the General 
Post Office and the Department of Scientific and Industrial 
Research in collaboration, appears to indicate that, for a con- 
siderable fraction of the time at least, the scale of the density 
fluctuations responsible for forward scattering at v.h.f. must be 
very much less than 500m, and probably not much more than 


‘10m. Has Mr. Bramley made sufficient measurements to be 
able to say what limits are likely to encompass the range of 
variations in the scale of E-region ionization irregularities ? 

| Mr. S. D. Heesom: Mr. Bowen’s paper, dealing with the earth 
| resistivity tests, shows a most impressive diagram, and I wonder 
‘whether he can tell us what effect a change in frequency would 
have on the shape of the contours. 

__ The papers report results of useful investigation, but, as an 
"engineer interested in point-to-point communication, I wonder if 
| any of the results obtained indicate the best layout of aerials for 


THE AUTHORS’ REPLIES TO 


Mr. K. C. Bowen (in reply): In reply to Dr. Hopkins and 
Mr. Hatch, the statistical analysis was based on results from 
manually-operated and visual-indication direction-finders in 
roughly equal proportions. There is no indication of any marked 
difference in performance. I agree with Mr. Hatch that, unless 
the observational technique is correct, only the last five seconds, 
say, of an observing period may be remembered. Operators are 
instructed to observe for five seconds and record their bearing 
data before making further observation: a spurious correlation 
between successive observations can, as Dr. Hopkins suggests, 
‘sometimes be detected. This correlation tends to increase as the 
swing increases and can create marked anomalies in subjective 
bearing classification systems based solely on the repeatability 
of the indicated bearing. 
agree with Dr. Hopkins’s comments on the estimation of 
variance due to wave-interference and operators. The residual 
‘octantal error variance was obtained by averaging sets of 
bearings taken on the same source but on different radio fre- 
quencies. The variance attributed to such an average bearing 
is taken to be the residual octantal error variance, plus the 
total remaining variance divided by the number of observations 
in the set. 

Mr. Laver is presumably interested in large deviations other 

than those produced by wave interference or sporadic ionization.* 
Only one instance of such errors is available from operational 
data: apparently consistent errors of mean values up to — 20° 
were given by various direction-finders over a considerable 
period. 
' Dr. Smith-Rose properly questions the ability to observe the 
resistivity contour lines so close together: the diagram is inter- 
polated from a series of observations made every 15°, at distances 
60, 120, 180 and 240 ft from the centre of the system, using the 
4-electrode direct-current technique of measurement.t Measure- 
ments made one year later showed very similar contours and 
confirmed the range of variation of resistivity. Depths greater 
than 5ft should be considered when the resistivity is high, and 
the effects of the vertical gradients referred to in Section 4.3 need 
investigation. 

The site considered is, in range of resistivity, typical of those 
used in naval organization. The best site has a range of from 
2 to 3 kilohm-centimetres, while the worst varies over 10 to 
80 kilohm-centimetres. Since there is a greater freedom of 
choice, geographically, of experimental sites, these may well be 
as good as the best quoted above. 

I agree with Mr. Byatt’s implied statement that a balanced 
aerial system would be advantageous on poor sites: an elevated-H 
system has been under consideration. It is important, however, 
to consider very carefully what constitutes a poor site, and, as 
stressed by Mr. Ross, the analysis I have put forward, with 


* E.g. Fe_pMAN, C. B.: “Deviations of Short Radio Waves from the London— 
New York Great-Circle Path,” Proceedings of the Institute of Radio Engineers, 1939, 
27, p. 635. 

p TaRIORGAN, P. D., and Taytor, H. G.: ““Measurement of the Resistance of Earth 
Electrodes,’’ World Power, February, 1934, p. 76. 
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space diversity reception. To reduce the effect of fading due to 
polarization of the sky wave, the outputs of two or three separate 
aerials are combined; but have the authors any evidence to 
suggest that an end-on siting of, say, two aerials might give 
results differing from a broadside siting with the same aerial 
separation ? 

A number of speakers have referred to site errors, and I would 
like to mention, in passing, that I did hear of one high-frequency 
direction-finding station where a site error was considerably 
reduced after an old rusty bicycle frame had been dug up. 


THE ABOVE DISCUSSION 


considerable reservation, is not sufficiently precise for such an 
investigation. 

Mr. E. N. Bramley (in reply): With regard to the small-scale 
ionospheric irregularities mentioned by a number of speakers, 
it should be emphasized that the size quoted is only a parameter 
in an assumed statistical specification of their magnitudes. In 
comparing the results with those of other workers it must be 
borne in mind that the “‘size’’ can be defined in various ways, 
which may account for differences in the quoted values. The 
existence of very small irregularities such as mentioned by Dr. 
Saxton is not precluded by the results of the high-frequency 
measurements; these frequencies may well be little affected by 
comparison with the v.h.f. signals, for which the size is com- 
parable with the wavelength. 

There must of course be a limit to the increase in the fluctua- 
tions with decreasing frequency below 3 Mc/s. One reason for 
this has been mentioned by Dr. Phillips; another contributory 
factor is the collisional frequency when this becomes comparable 
with the wave frequency. 

It does not appear likely that lack of bearing correlation at 
points separated by a few hundred metres, on a single mode of 
propagation, would prevent the full gain of a large highly- 
directive aerial being realized. This is because in the presence 
of a strong steady “signal, which has been shown to exist, 
particularly at the higher frequencies, the phase fluctuations 
represent only minor irregularities in a wavefront which remains 
substantially plane over much greater distances. 

Dr. Smith-Rose has mentioned the connection between the 
space and time correlation of the rapid directional fluctuations. 
A correlation coefficient falling to zero at a time interval of a 
few seconds, or a distance of a few hundred metres, is consistent 
with a drift speed of the order of 100m/sec. The same results 
could be produced, however, by random movements of the 
irregularities, with no systematic drifts, and the present results 
do not enable us to distinguish between the two possibilities. 

With regard to the slower variations in direction of arrival, 
attributed to ionospheric tilts, correlation between the changes 
in bearing and elevation is not a general feature of the results. 
When this does occur, it indicates a steady horizontal progression 
in the reflecting region, and some results of this kind have been 
described in another paper.* 

The significance of the variance ratio obtained for the 2F 
bearing errors at Hemsby and Winkfield is reduced by the auto- 
correlation of the Hemsby results, as pointed out by Mr. Palmer, 
although not to such a large extent as he suggests. For the 
Hemsby results as a whole the lateral deviation component of 
variance may be put at about 60% of the total, and the auto- 
correlation function (1 — 21/13) exp ( — t?/?2), with t) = 74min, 
has been shown* to give a good representation of these varia- 
tions. The integral quoted by Mr. Palmer then gives 24 min as 
the period containing one independent observation. The 1318 


* BRAMLEY, E. N.: “Direction-finding Studies of Large-Scale Jonospheric Irregu- 
larities,’’ Proceedings of the Royal Society, A, 1953, 220, p. 39. 
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observations were spread over 22 hours, so the effective total 
number of independent observations is 528. With large-sample 
theory the standard deviation of the variance ratio is 0-077, 
and the probability of the observed ratio of 1-1 occurring by 
chance is then about 8%. 

In reply to Dr. Phillips, a system of continuous phase record- 
ing would certainly be desirable, but presents considerable 
difficulties, and a_ sufficiently accurate equipment, capable 
of operating on short pulse signals, and particularly in the 
presence of interfering continuous-wave signals, has not been 
developed. 

Dr. W. C. Bain (in reply): | am interested to hear of the results 
on the time-scale of the rapid fluctuations reported by Messrs. 
Hatch and Byatt. In reply to Mr. Byatt’s point regarding the 
usefulness of sampling both the vertically and horizontally 
polarized components of the incident radiation, I believe that 
it would be valuable to take such bearing measurements on any 
transmission on which fading is reduced by the reception of 
both components; this, of course, assumes the existence of 
a direction-finder operating on horizontally polarized waves 
with a performance at least equal to that of the standard h.f. 
Adcock. 

In reply to Mr. Laver, changes with time in the type of bearing 
fluctuation, such as that shown in the Leipzig records on Fig. 1, 
are very common; these examples have not been associated with 
particular ionospheric changes but might be ascribed to dif- 
ferences in the relative strengths of ionospheric modes being 
received. The equal positive and negative spikes in bearing 
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following each other in one Leipzig record are not believed to ol 
especially characteristic of wave interference conditions. | 

We have never observed any large sustained deviations | 
from true bearing at a time when the critical frequency of the | 
ionospheric reflecting layer was sufficiently high to permit normal | 
propagation between transmitter and receiver, provided that | 
deviations observed at sunrise and sunset on nearby transmitters | 
are excluded. 

Messrs. Laver and Heesom have both raised the question of | 
the signal fluctuations at points separated transversely to, and | 
along, the direction of arrival of the signal. The relative mag- 
nitude of the effects in the two cases depends on the angular | 
distribution of the signal. When this consists of a single mode 
of propagation, with a fairly narrow angular spread of directions, | 
the fluctuations are greatest in the transverse direction and least 
along the line of propagation, i.e. receiving aerials must be | 
separated by a greater distance in the in-line direction to give | 
the same degree of diversity. Jn multi-mode propagation the | 
effects observed at equally-spaced pairs of points will depend 
on the relative spreads of the incident radiation in bearing and | 
elevation. Very roughly, if the ratio of the spread in elevation | 
to that in bearing is greater than cot 6, where 6 is the meat 
elevation in the range, then the fluctuations will be greater in the | 
in-line than in the transverse pair, and vice versa. The spread | 
in bearing will usually be quite small, so if the angle of elevation 
is not too low the fluctuations in the in-line pair will often be the. 
greater in practice, as has been confirmed on at least one trans- 
mitter (Arganda, 5-99 Mc/s). 
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It is easily seen that for positive real values of the complex 
frequency variable A, general LRC networks without mutual 
inductance behave exactly like resistance networks. The main 
object of the paper is to obtain, in an elementary way, a number 
of results, probably well known but not previously explicitly 
enunciated, concerning voltage gains and current gains attainable 
in resistance networks, and using the above principle, to extend 
these results to LRC networks without mutual inductance. 

The basic results for resistance networks are contained in the 
following theorems, in which ‘“‘voltage gain’’ means the ratio of 
output voltage to input voltage, and “‘current gain’? means the 
ratio of any branch current to the input current. 


Theorem 1.—If T is the voltage gain of a 3-terminal resistance 
network, 0 <7T <1. The extreme values T=0O and J =1 can 
only occur if at least one branch resistance is zero or infinite, or if 
the output node belongs to a sub-network hinged at one of the input 
nodes and not containing the other. 


Theorem 2.—\f T is the voltage gain of a 4-terminal resistance 
network, —1 <7T <1. The extreme values T= +1 can only 
occur if at least one branch resistance is zero or infinite, or if the two 
output nodes belong to separate sub-networks hinged to their 
respective complements at the two input nodes. 

a: 

Dr. Talbot is in the Mathematics Department of Imperial College, University of 

London. 


Theorem 3.—If + is the current gain in any directed branch of a 
resistance network, —1 <zt <1; and in the 3-terminal case when 
the branch begins at the positive input node or ends at the negative — 
input node,O <1 <1. Theextreme values +1, or 0, 1, respectively, 
can only occur if at least one branch resistance is zero or infinite, 
or if the branch considered is the sole link between two sub-networks 
to which the input nodes respectively belong; or, in the 3-terminal 
case, between one input node and a sub-network containing the other. 


The special configurations mentioned in the theorems are_ 
illustrated in Figs. 1, 2, and 3. The theorems are proved by a 


0 
Fig. 1.—Hinged networks: special configuration in Theorem 1. 


simple topological examination of the networks, taking into 
account Ohm’s law and Kirchhoff’s current law, and they hold 
even for non-linear networks. By the application of these 
theorems to an algebraical consideration of the Kirchho: a 
equations for a network, and of their solution (and without 


| 


a) 
} 


0=q I 
(@) 


Fig. 3.—Special configurations in Theorem 3. 


(a) 4-terminal case, (b) 3-terminal case. 


any manipulation of determinants), the following results are 


deduced: 
In a 4- or 3-terminal network, the voltage gain has the form 
D’ a D” bD’ 
C= aie or D (1) 


‘where D is a homogeneous polynomial in the branch resistances, 
linear in each individual resistance, and with positive coefficients, 
and D’ and D” comprise some of the terms of D, with the same 
coefficients. 

_ Similarly, the current gain has the form 


\ = Neat Or ae (in the 3-terminal case) 


(2) 


| N, N, 


where similar remarks apply. 
After a recapitulation of well-known properties of general 2- 
or 4-terminal networks and of reactance networks, the gain 


theorems together with the above-mentioned principle are used 


to deduce that if 5 p is the chain-matrix (i.e. matrix relating 


y 6 
input quantities to output quantities) of a 3- or 4-terminal LRC 
network without mutual inductance, then, for A >0: 


In a 3-terminal network, 1 << «,d< «0; B,y >0 


In a 4-terminal network, 1 < |a|, [6]; ae >0 


and in fact «, 8, y, 6 all have the same sign. 
In terms of the admittance and impedance functions, yy and 
2, we have in the two cases: 


0< — Yy2 SV Yo23 0 < 242 < 2%, 2225 
Vio —V22 S Vy2 S Vy. Y223 —Ap —222 S 2 S 241. 222 


In all these relations, equality can only occur for A = 0 or oo, 
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unless the network has one of the special configurations men- 
tioned in Theorems 1, 2 or 3. 

Moreover, it follows from eqns. (1) and (2) that, for an LRC 
network without mutual inductance, T and 7 have the form 


ad +ar-1+...+4, 
CoA Cy Cm ener nee 


where 0 <a, <c; @ =0,1,. . .m) in the 3-terminal case, and 
—¢; <a, <¢, @=0,1,... n) in the 4-terminal case. 


All these results hold, in particular, for RC networks. The 
additional and well-known fact that the poles of T and t for RC 
networks are distinct negative numbers is deduced in the paper 
from known and more easily established properties of LC 
networks. 

Finally, attention is drawn, in an Appendix, to a paper! by 
Kirchhoff containing a rule, which should be better known, and 
by which the numerators and denominators of the branch currents 
in a resistance network can be written down, term by term, by 
a topological inspection of the network. From this rule explicit 
expressions are deduced in the paper for the chain-matrix 
elements of any resistance network, or LRC network without 
mutual inductance. Expressions for y,, and z,;, may be written 
down from these. 
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LEAKAGE FLUX AND SURFACE POLARITY IN IRON RING STAMPINGS 


621.318.1.042.2 : 621.3.013.5 


Monograph No. 116 oe 


P. HAMMOND, M.A., Associate Member 


(Dicest of a paper published in January, 1955, as an INSTITUTION MONOGRAPH and republished in March, 1955, in Part C of the PROCEEDINGS.) 


It is a very surprising fact that the flux distribution around an 
annular iron ring is substantially constant regardless of the 
disposition of the magnetizing winding. The problem raised by 
this constancy of flux is often dismissed by the statement that the 
iron conducts flux because of its high permeability. This is 
undoubtedly correct, but scarcely deserves to rank as an explana- 
tion, if by explanation is meant that anyone who knew that iron 
has a high permeability should have foreseen the result. The 
treatment in the paper is based on the discussion of the problem 
given by Moullin.* It is assumed that, in order for there to be 
a certain flux density B at a point in the iron, there will also have 
to be a magnetic force H at that point. The problem of flux 
propagation, therefore, becomes the problem of the propagation 
of magnetic force. If the contributions of pole strength within 
the material are neglected, it is clear that the surface polarity 
on the iron must provide the mechanism by which the iron can 
maintain a substantially constant magnetic force throughout a 
particular iron circuit. If there is to be surface polarity on the 
iron, there will also be flux emerging from the iron. This flux 
is commonly called leakage flux and is often regarded as an 
imperfection in the design of the apparatus. But if we consider 
an iron-cored transformer in which the primary and secondary 
windings are wound on different portions of the core, it follows 
that it is the leakage flux that gives rise to the mutual flux. So 
far from being an imperfection in the design, the leakage flux 
is merely a manifestation of the surface polarity by which the 
iron maintains a constant mutual flux around the core. Without 
leakage flux there would be hardly any mutual flux in such a 
transformer. If the permeability of the iron is very large, a 
small surface polarity will be sufficient to maintain the flux 
constant around the iron. The fractional value of leakage flux 
will therefore tend to zero when the permeability tends to infinity, 
but it is clear that the absolute value of the leakage flux will not 
tend to zero. The problem should be considered with reference 
to Fig. 1. 

In order to test the foregoing hypothesis, it was decided to 
derive a mathematical solution for the leakage flux in a certain 
problem and then to test the result experimentally. To simplify 
the mathematics it was decided to restrict the problem to two 
dimensions and to assume that the iron had constant per- 
meability. The problem chosen was that of an infinitely long 
cylinder magnetized by a single current loop (see Figs. 2 and 3). 
The leakage flux was defined as the difference between the fluxes 
crossing sections A and B of the cylinder, respectively. The ratio 
of: the fluxes at A and B was calculated to be 


o, log t ~ 210g (1 — 5) —2loe (1) 


Op a c a 
logo NS aes (1s a) 
log 5 2log (1 + 5) log(1 +5 
Fig. 4 shows the percentage leakage flux 
oe 


x 100 


calculated for the case a/b = 3/2 and c/b =a/d at different 
permeabilities and positions of the magnetizing loop. The 


* MOULLIN, E. B:: sages of Electromagnetism” (Oxford University Press) , 
Third edition, pp. 164-168 


Mr. Hammond is in the Department of Engineering, University of Cambridge. 


Fig. 1 


Fig. 2 


Fig. 3 


curves show that the leakage flux increases considerably as the | 


current is placed closer to the wall of the cylinder. 


A mag-— 


netizing winding consisting of a single loop is of course an | 
extreme case, and in power transformers the leakage flux may be © 


of little importance. But transformers are required in certain 
types of calculating machine, and in such applications it may — 
be desirable to estimate the order of the discrepancy between — 
voltage ratio and turns ratio. 


It may well be doubted whether results based on the assump- — 
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Fig. 4.—Theoretical leakage flux. 


| Aion of constant permeability of the material can be of any value 
when iron is used, especially if there is considerable saturation. 
| The experimental results show that the results do, in fact, apply 
| to iron of widely different permeabilities. The reason for this 
| remarkable fact is that the actual value of the permeability does 
| not matter greatly, so long as it is much larger than unity. In the 
| paper it is shown that the boundary condition at the surface of 
| the cylinder is 
2c) — ioe H, 
eri * 
where a is the local density of polarity and H, is the magnetic 
force normal to the surface at the point considered. It will 
therefore be seen that the surface polarity is to a large extent 
independent of the permeability, and thus the absolute leakage 
flux is also independent of the permeability. 
_ The experimental work was carried out on iron tubes of varying 
| length built up from silicon-iron stampings lightly insulated on 
one side. The tubes were mounted, with their axes horizontal, 
/,0n a slide which could be moved transversely to a long copper 
_rod which carried the 50c/s magnetizing current. Search coils 
/ were wound on the tubes at opposite ends of a diameter and 
_ could be connected either in series or in opposition. An “‘inte- 
grating circuit’’ was used in order to obtain traces of flux density 
on an oscillograph. Fig. 5 shows some typical traces, and it 
will be seen that the leakage flux [Fig. 5(b)] is practically inde- 
pendent of the permeability, although there is considerable 
‘saturation [see Figs. 5(c) and 5(e)]. Fig. 6 shows the percentage 
leakage flux with different magnetizing currents and also the 
calculated curve for constant permeability. In Fig. 7 the shape 
of the calculated and experimental leakage-flux curves is com- 
pared on the basis of choosing a value for the permeability which 
will make the theoretical and experimental curves coincide for 
the position of the magnetizing current when c/b = 0-65 (see 
Fig. 2). The ‘‘equivalent permeabilities’ obtained in this way 
-are plotted in Fig. 8 for tubes of different lengths. The per- 
meabilities obtained from a d.c. reversal curve are plotted in 
| Fig. 8 for comparison. Some of the tubes had “‘guard rings” 
in the form of further stampings placed at their ends in order 
to simulate more closely the case of an infinitely long tube. 
‘It is seen from Fig. 8 that there is good experimental agreement 
_ with the calculation, and that any discrepancy arises chiefly from 
the short length of the tubes. 
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(a) 


(6) 


(@) 


(e) 
Fig. 5.—Waveforms, 


(a) Current. 

(b) Leakage flux. 

(c) Mutual flux. 

(d) “‘Leakage”’ voltage. 
(e) ‘““Mutual’’ voltage. 
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Fig. 6.—Percentage leakage flux in 35cm tube. 
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Fig. 7.—Comparison of shape of theoretical and experimental 
leakage-flux curves. 


It has been shown that surface polarity (or leakage flux) gives 
to the iron its remarkable property of being able to maintain a 
constant flux around an iron circuit magnetized by a concen- 
trated coil. Good experimental agreement is obtained with 
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Fig. 8—Comparison of equivalent permeabilities. 


(a) D.C. reversal curve. 

(6) 8:75cm specimen packed both sides. 
(c) 17:5cm specimen packed both sides. 
(d) 35cm specimen. 

(e) 17-5cm specimen packed one side. 
(f) 8-75cm specimen packed one side. 
(g) 17:Scem specimen. 

(A) 8-75cm specimen. 


calculations, even when these are based on the apparently drastic 
assumption of constant permeability of the iron. It therefore 
becomes possible to estimate the leakage flux in any particular 
set of iron-ring stampings and to estimate the order of the flux 
leakage in more complicated iron circuits. 


SIGNAL/NOISE PERFORMANCE OF MULTIPLIER (OR CORRELATION) AND ADDITION (OR 


INTEGRATING) TYPES OF DETECTOR 


621.376.23 : 621.38 


Monograph No. 120R 


D. G. TUCKER, D.Sc., Ph.D., Member 


(Dicest of a paper published in February, 1955, as an INSTITUTION MONOGRAPH and to be republished in Part C of the PROCEEDINGS.) 


The signal/noise performance of a detector may often be 
improved by multiplying or adding together two or more “‘scans”’ 
in which the signals coincide in time or are correlated, and in 
which the noise backgrounds are uncorrelated. The adding 
process is quite familiar and occurs in radar systems by virtue 
of the afterglow of a cathode-ray-tube screen; it can also be 
arranged by means of storage tubes or magnetic-drum or -tape 
systems, and there is no theoretical limit to the number of 
additions. In practice, the signal generally moves in the time 
scale, and so there is a practical limit to the number of scans 
which can be added with effective coincidence of signal position. 
The adding process is often referred to as integration—or pulse- 
to-pulse integration, or scan-to-scan integration—by analogy 
with the similar results of filtration, which is a true integration 
process. 

Multiplying scans together is a less familiar process, although 
it occurs in the interferometer techniques used in radio- 
astronomy!+? and elsewhere. In such techniques, the “scans” 
which are multiplied are those obtained simultaneously on two 
separate arrays. But obviously successive scans of a single 
array may be multiplied together if a storage system is used. 


Dr. Tucker is in the Royal Naval Scientific Service. 


The multiplying-type detector is often referred to as a correlation 
detector, because its d.c. output represents the correlation 
coefficient (or function) of the two input signals. | 

Multiplying or adding may be performed on single-array | 
systems without storage devices if two or more independent 
scans can be simultaneously obtained by using, for example, — 
different frequency-bands. Thus it can be seen that the scope 
for multiplier or addition detectors is quite wide. 

Multiplying or adding may generally be done on the incoming 
signal or after rectification, although when different frequency- 
bands are involved, as in the previous paragraph, there is no © 
choice but to process the signals after rectification. If the 
processing is done on the incoming signal, attention must be 
paid to phasing of the signal. | 

The purpose of this paper is to examine the signal/noise per- — 
formance of these processes. No other aspect is considered in 
detail. The analysis is based on a simplified representation of — 
noise by a series of small but equal-amplitude tones of different 
frequencies, and lack of correlation between two noise wave- 
forms is shown by taking different series, each with a quite — 
independent set of frequencies. This representation, while — 
possibly not rigorous, is thought to give no error in the present — 


q 
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application. The signal/noise criteria are those defined in a 
previous paper,’ and take no particular account of special 
probability distributions of the noise. As the author is con- 


| cerned mainly with narrow-band pulse systems—i.e. those with 
| optimum input filtration—in which there is little scope for post- 
| detector integration (i.e. low-pass filtration), there is no dis- 
| cussion of the effect of such integration. However, it is through- 


out assumed that the h.f. components (e.g. the input frequency- 
band upwards) are removed from the detector outputs, imme- 


diately after rectifying. 


The general conclusions reached are that multiplying is not, 


| in general, more effective than adding, and being more difficult 
| has often, therefore, little to recommend it. 


It does have a 
slight advantage due to its square-law dynamic response, but 


this can more simply be obtained by using square-law rectifiers. 


When done on the unrectified signal, multiplying has the big 
advantage of giving a final output which contains no d.c. com- 
ponent in the absence of correlated signal. This is very important 
when the background is liable to vary, since then, in a system 
using addition followed by rectification, the fluctuating d.c. 
background may be difficult to bias out, and will often more 
than offset the advantage in signal/noise performance this system 


| has at low input-signal/noise ratios; but the multiplier, having 
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detector, square-law detector, and multiplier (multiplying two 
uncorrelated noise inputs without prior rectification). The zero 
voltage axis is shown in all three waveforms, and the absence 
of a d.c. output in the multiplier is clear. For completeness, 
Fig. 1(d) shows the multiplier output when the noise inputs are 
correlated exactly; a d.c. output now exists. 

The analysis is in terms of one addition or one multiplication, 
but evidently the processes can be repeated as long as the signal 
pulses can be added in phase or in coincidence, and the end 
results are easily deduced from the analysis and Tables presented 
here. 

RESULTS 

Details of the analysis of the signal/noise performance of the 
various detector arrangements (except for those previously 
published?-+) are given in the appendices to the paper, and 
numerical results over the range of R, (input-signal/noise ratio) 
from 0-1 up to 4 are given in Tables 1 and 2. 

It should be noted that some of the arrangements analysed 
give dynamic characteristics which are, at least nominally,* 
linear; others are basically quadratic, while one or two have a 
quartic response. Table 1 includes those cases which are 
nominally linear, and Table 2 those which are quadratic. The 
cases of quartic-type response (e.g. multiplication of the outputs 


_Fig. 1.—Oscillograms of noise waveforms from various detectors. 
Outputs are smoothed to leave only envelope frequencies. 


(a) Outputs of linear (top) and square-law (bottom) detectors for the same input waveform. 
(b) As (a), but with slower time-scan. Gi 
(c) Output of multiplier (multiplying unrectified signals) when the two noise inputs are uncorrelated. 

(d) As (c), but when noise inputs are completely correlated (i.e. same waveform applied to both inputs). 


no d.c. background, will be free from such difficulties. This is 


the main advantage of the multiplier over the addition system 


in radio-astronomy. Figs. 1(a)-1(c) are oscillograms of typical 
background (white noise) waveforms at the output of a linear 


of square-law rectifiers) are not worked out numerically, since 
they are not thought to be of very great interest; but their analysis 


* “Nominally linear’ because at low signal/noise ratios the behaviour of the linear 
rectifier is effectively quadratic. 
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TABLE | 


Detectors with Linear Dynamic Response 


Rai 


Ri A E D A B A B e D A 
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1 0°65 | 1-1 0:90 | 1:41 | 0°59 | 0:85 | 0°50 | 0:85 | 1°55 | 1-21 | 1-41 | 0-83 ) 1-465 1-12 
0:5 | 0-22 | 0-4 | 0:29 | 0-71 | 0-214) 0:36 | 0:23 | 0:22 | 0-44 | 0-32 | 0-71 | 0-24 | 0-44 | 0-32 
0-2 | 0-039] 0-078} 0-053) 0-282) 0-04 | 0-08 | 0:05 | 0-039} 0-078} 0-054) 0-282) 0-04 | 0-08 | 0-05. 
0-1 | 0-010) 0:02 | 0-013) 0-141) 0-01 | 0-02 | 0-013] 0-010} 0:02 | 0-014] 0-141) 0-01 | 0-02 | 0-013 


A = Linear rectifier, 

B = Addition followed by linear rectifier. 
C = Addition after linear rectifiers. 

D = Coherent detector. 


X for coherent signal. 
Y for noise signal. 


TABLE 2 


Detectors with Quadratic Dynamic Response 
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= Square-law rectifier. 

= Multiplier. 

= Multiplier after linear rectifiers. 

a Addition after square-law rectifiers. 


X for coherent signal. F 
Y for noise signal. ty 
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| is included in, the appendices, so that all basic information is 


available should numerical results ever be required. 
The criteria of signal/noise performance used are those defined 
in a previous paper,? namely 


(d.c. output due to signal and noise) + (r.m.s. output of 
1.f. noise when signal present) 


| = 
| vg d.c. + r.m.s. value of 1.f. output when signal absent. 
Root mean square of d.c. plus 1.f. components when signal 
R ® present 
“42 ~~ Root mean square of d.c. plus 1.f. components when signal 
absent 
: Change in direct current on application of signal 
os Lf. noise when signal present 
R __ Change in direct current on application of signal 
| -B2 -— 


1.f. noise when signal absent 


The coherent detector4 has been included among the linear 
detectors (it is obviously applicable only to coherent-tone signals 
and not to noise signals) for comparison. The outputs of two 
coherent detectors with uncorrelated backgrounds can evidently 
be added together or multiplied just as with other detectors, and 
in the case of the Rz criteria, an addition gives an improvement 
of 4/2 (i.e. 3dB) just as with linear or square-law rectifiers. But 
these cases are not included in the Tables. 

In Table 1 it can be observed that whichever criterion is used, 


| adding before rectifying is generally better. than adding after 
) rectifying. On criteria Rp; and R,» the improvement relative 
| to a single rectifier is a factor of about 4/2 at high signal/noise 
| ratios; but at low signal/noise ratios, adding before rectifying 
‘| profits from the square-law nature of the linear-detector response 
at low ratios and doubles the values of Rp, and Rg», while adding 


after rectification merely continues to give the ,/2 improvement. 
In Table 2 it can be observed that: 
(a) On criteria R4,; and Ry, multiplying the input signals 


| together is far better than multiplying after rectification—in fact, 
| the latter is little better than a single output. 


_ ©) On criteria Ry, and Rg», there is little to choose between 
multiplying the input signals together, multiplying after rectifi- 
cation, or adding after square-law rectifiers—except Rp, with a 
noise-signal, which is a case of no practical significance, as Rp, 
is not a suitable criterion for noise signals—but all three cases 
are about 4/2 times better than a single square-law rectifier. 
Clearly, adding before square-law rectification gives a doubling 


| of the values of Rp, and Rp» (this case is not tabulated, being 


obvious) and is therefore superior to all other cases. 
The significance of a comparison between Tables 1 and 2 is 


not immediately clear, and one aspect of it is discussed in the 


next Section. 


LINEAR VERSUS QUADRATIC DYNAMIC RESPONSE 
_ It is clear from Tables 1 and 2 that those detection circuits 
with a quadratic dynamic response have considerably higher 
values of R4;, R42 and Rg, at the upper ranges of R,, and notice- 
ably higher values at the lower ranges, than those circuits with a 
linear response. It is tempting to think that this means that 
better detection is obtained by using circuits with quadratic (or 
higher-order) response instead of linear circuits. In a previous 
paper? doubt was cast on the truth of this conclusion, and the 


relationship between subjective probability of detection of a 
signal against noise and the objective signal/noise ratio and its 


derived criteria (such as R, and R,) has never been clear. There 


‘can, of course, be no unique relationship between probability 
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of detection and signal/noise criteria, because subjective detection 
is a function of many factors, such as display efficiency, operator 
fatigue, environment, any pattern or shape in the signal as seen 
on the display, assistance by aural presentation, etc. The real 
question is whether, for any given set of display and operating 
conditions, signal/noise criteria can be used to compare the 
merits of different kinds of detector circuit. They are useful 
criteria only if they can be so used. 

Recently, subjective measurements of threshold-detection 
performance have been made, and a limited measure of support 
for the use of signal/noise criteria has been obtained. So far 
as intensity-modulated displays are concerned, it has been shown 
—theoretically8 as well as practically—that contrast, obtained 
by the use of bias, leads to better detection when the dynamic 
range of the display, measured in terms of “‘just-noticeable 
differences,” is limited; criterion R, (ie. either Ry, or Ry), 
which has been considered appropriate for intensity-modulated 
displays, does in fact give higher values when contrast is applied, 
and to this extent may be considered a reliable criterion. But 
the problem of the performance of intensity-modulated displays 
is very complicated and no comprehensive data are yet available. 

The problem of detection by A-scans is much easier, and 
comparative results of linear and square-law detectors using an 
A-scan display are available. Experimental results obtained for 
probability of detection of a pulse of 20millisec duration against 
“‘white” noise restricted to a 200c/s bandwidth, using A-scan 
cathode-ray-tube display with a scan duration of 250millisec, 
and averaged over several hundred observations by several 
different observers, show no large difference in detectability 
between single linear and square-law detectors. Fig. 2 shows a 
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Fig. 2.—Subjective detection results for three operators. 


@ Square-law detector. 
A. Linear detector. 


graph of percentage probability of detection against input 
signal/noise ratio (R,) for the average of a hundred observations 
at each value of R, by each of three observers on each type of 
detector, using for each’ observation a single scan on a long- 
persistence cathode-ray tube. The pulse, which was of coherent 
tone, was applied in one of ten positions on the scan, and the 
observer had to state in which position the pulse appeared. 
No “‘nil’’ record was allowed, and the percentage probability of 
detection is the actual percentage of correct detections obtained. 
Results are shown for linear and square-law detectors. It will be 
20 
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Fig. 3.—Subjective detection results for one more-consistent operator. 


@® Square-law detector. 
A Linear detector. 


seen that over the range of R; from —2 to +3dB there is only a 
slight difference in favour of the square-law detector. Fig. 3 
shows a similar pair of curves based on one hundred obser- 
vations for each value of R, on each type of detector, made by 
one particular observer (among the three) whose results were 
more consistent than those of the two other observers; here 
the difference in favour of the square-law detector is greater. 
Assuming these results are, in fact, more reliable than the others, 
and that the straight-line approximations are valid, we shall 
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Fig. 4.—Graphs of detection criterion Rp2 against input Sgt stigy 
ratio, Rj. 


@ Square-law detector. 
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now try to relate these probabilities of detection to the criterion ‘ 
Ry (which is considered the appropriate one for A-scans with ' 
short pulses) using the calculations summarized in Tables 1 and 2. 
Fig. 4 shows a graph of Rp» against R, for both linear and 
square-law detectors. From this and Fig. 3, points can be 
plotted, as shown in Fig. 5, relating probability of detection to 
Rp. It will be seen that over the range of probabilities from 
30 to 85%, the points lie remarkably closely on one and the 
same curve, as shown. If the straight-line approximations of 
Fig, 3 are not used, but instead the actual observed values are 
taken in constructing Fig. 5, then the points lie equally well on 
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Fig. 5.—Graphs of probability of detection against Rg2 for the one 
more-consistent operator. 


@ Square-law detector. 
A Linear detector. 


a single curve except for those corresponding to R; = + 3dB. 
These results support the hypothesis that for this particular 
kind of display the relationship between probability of detection 
and Rp» is independent of the type of detector circuit used, so 
that the signal/noise criterion may well be perfectly reliable as a 
means of comparing the performance of different detector 
circuits. There is, of course, no proof as yet, and the above . 
comparisons have been made only on the simplest cases. More- 
over, the data used are not very comprehensive, and are selected’ 
as being the most reliable among a larger batch of data, which, 
taken as a whole, give rather less impressive results. . The sub- 
jective investigation of detectability is proceeding. 

The matter most open to doubt is whether the Biverbeciett of 
values of R, and R,'as between linear and square-law responses: 
at large R, represents any practical difference in detectability.: 
At these larger values of R, the probability of detection is very 
high, and consequently it cannot be altered very much by 
changing from linear to square-law detectors. But it is possible, 
of course, and even probable, that the greater contrast of the: 
display obtained with the square-law response gives the operator 
more confidence in his detections, and—partly because of this— 
reduces operator fatigue. This would lead eventually to better 
detection under operational conditions. There is, however, no’ 
experimental evidence available on this ae of the problem. 
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Voltage standing-wave ratios are measured on a direct-reading 
instrument by sampling the reflected power with a directional 
’ coupler. 

better than +0-01 for power levels at the load of down to 5uW. 

The r.f. source is square-wave modulated, and the signal 


Ratios of up to 0-90 are measured to an accuracy of 
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sary directivity. To permit the use of a relatively poor coupler, 
the wave in the detector arm due to the forward travelling wave 
in the main waveguide and also due to imperfect termination at 
the fourth arm of the coupler are cancelled by a preset mis- 
matcher situated in front of the load. 
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Fig. 1.—Block schematic of direct-reading v.s.w.r. equipment. 


(a) Basic details. 


} 

‘appearing at the detector arm of the coupler is fed into a 
frequency-selective amplifier. The wide range of input voltages 
corresponding to the spread of v.s.w.r.’s is accommodated by the 

use of a stepped attenuator built into the amplifier, four steps of 
attenuation being required. 

_. The low power level of 5.W is required for testing detector 
crystal valves. At this power level tight coupling is required to 
the detector arm, in which case it is difficult to obtain the neces- 
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(6) Complete equipment. 


The arrangement of components used in the equipment is 
shown in Fig. 1. 
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List OF SYMBOLS 


e, m = Charge and mass of an electron, respectively. 
f = General symbol for the impressed frequency. 
fo = Resonant frequency of the cavity. 
df = Change in resonant frequency of the cavity caused by 
some discharge current. 
I, = Current through the discharge tube. 
N = General symbol for electron density. 
2nf x Energy stored 
Sees Power loss 
Q-factor of the cavity with no discharge current. 
O, 1, = Q-factor of the cavity for some specified discharge 
current. 
€ = General symbol for permittivity. 
€9 = Permittivity of free space. 
€, = Relative permittivity of the discharge. 
6) = Height of the resonance curve for no discharge current. 
6,, = Height of the resonance curve for some specified dis- 
charge current. 
v = Electron collisional frequency. 
o = Conductivity of the discharge. 
w = 2nf. 


rf 


The relative permittivity of an ionized gas and its conductivity 
are given by the equations 


quis Ne? 1 
“1 mw? + v9) € () 
Ne?v 
~ mw + v2) @) 


If the mean free path of the electrons in the discharge is large v is 
very much smaller than w at microwave frequencies, and so far 
as an impressed radio-frequency electromagnetic wave is con- 
cerned, the conductivity of the ionized gas is zero, and the 
relative permittivity takes the form 


i Ne? 


ras — 1 ——_ 
4 mo€q 


(3) 
Many attempts to verify these equations have been made,412 
based on experiments in which a gaseous discharge forms a 
dielectric of variable permittivity between two condenser plates. 
It has been shown® that the anomalous results obtained in the 
early experiments were due to the formation of positive-ion 
sheaths around the condenser plates. In recent years new tech- 
niques have been evolved for measuring the dielectric properties 
of materials in the microwave band of frequencies.!3. The 
present paper describes experiments in which the relative permit- 
tivity of a d.c. discharge has been measured by using these now 
well-established techniques. The principle underlying all the 
experiments is as follows. The gaseous discharge forms part of 
a resonant circuit, which at very high frequencies takes the form 
of a cavity resonator, and the relative permittivity of the dis- 
charge, for a particular discharge current, is calculated from the 
observed change in the resonant frequency of the system caused 
by that current. Similarly, the conductivity can be calculated 
from the observed change in the Q-factor of the resonant system. 

Fig. 1 shows the discharge tube lying along the axis of a 
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cylindrical cavity which resonates in the Ho}; mode. This mode 
was chosen so that the single cavity would resonate conveniently 
over the frequency range 2000-3000 Mc/s. The frequencies at 
which the measurements were made were chosen carefully so 


DETECTOR 


{l-2cm APART 


20+3cm DIA. 


Fig. 1.—The resonant cavity. 


that the cavity resonated in a sensibly undisturbed Ho,, mode, 
and this was verified experimentally. Two different discharges 


have been studied. The initial and rather exploratory experi- 


ments were carried out using a commercial 80-watt fluorescent 
lighting tube maintained by a d.c. supply through suitable ballast 
resistors. Later experiments were made on a specially con- 
structed discharge tube. 
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Fig. 2.—The relative permittivity of a discharge as a function of 
frequency and discharge current. 
© fo = 3036 Me/s. 


x fo = 2496 Me/s. 
f] fo = 2114 Me/s. 
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Fig. 2 shows the relative permittivity of the first discharge — 


plotted as a function both of discharge current and impressed | 


frequency. These results have been calculated ignoring the 
effects of the glass wall of the discharge tube. Assuming that 


the electron density is proportional to the discharge current, the 
results show the linear decrease of ¢, with N, as indicated by 
‘eqns. (1) and (2). The relative slopes of the three lines of 
Fig. 2 do not bear out the relation of eqn. (3) and they show 
‘that the collisional frequency v is not negligible compared with w. 
The value of v has been calculated by assuming that eqn. (1) 
holds at the three different frequencies. The results give 
v =2-5 x 10!°collisions/sec, and for a discharge current of 
0-4amp, N =7-1 x 10!! electrons/cm?. These values of v and 
'N agree satisfactorily with results quoted by Denno!> and 
obtained from experiments in which a commercial discharge tube 
‘was used to scatter 3cm-wavelength radiation. 

. A few experiments were carried out with an a.c. discharge, 
the tube being supplied from the 50c/s mains. The results 
from one such experiment are shown in Fig. 3(a). The 
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Fig. 3.—Cavity resonances and current waveforms for an a.c. discharge. 


(a) Cavity resonances. 

--- D.C. discharge. 
(b) Typical current waveform of an a.c. discharge. 
(c) Simplified current waveform of an a.c. discharge. 


A.C, discharge. 


resonance curves of Fig. 3(a) are similar to those for the d.c. 
Jischarge, but the resonance curves of Fig. 3(b) become double- 
amped for values of J, greater than 80mA. The frequency 
lifference between the two humps is shown by the dotted line 
setween the two points at each current. It is shown in a quali- 
ative manner that the resonance curves of Fig. 3(b) are probably 
saused by the step in the typical current waveform shown in that 
Figure and its simplified form of Fig. 3(c). 

A rather interesting practical point arose in the experiments 
ising the lighting tube when the discharge current was varied 
aver the range 0-O-8amp. It was always observed that the 
esonant frequency of the cavity for a given discharge current 
lepended upon whether the current was increasing or decreasing. 
This hysteresis effect is shown very clearly in Fig. 4, and it is due 
rimarily, if not completely, to the time lag between the tem- 
erature of the apparatus and the current in the discharge. 

In order to repeat the experiments on a gaseous discharge in 
which the electron collisional frequency would be negligible 
compared with the impressed angular frequency, a special 
nercury-vapour discharge tube was constructed in which the 
ressure was that merely due to the saturation vapour pressure of 

le mercury. This tube is shown in Fig. 5. The discharge between 
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Fig. 4.—Variation of the resonant frequency of the cavity for increasing 
and decreasing currents. 
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Fig. 5.—Circuit diagram of the low-pressure mercury-vapour tube. 


the anode A and the mercury-pool cathode replaces the fluores- 
cent lighting tube in the cavity, and the discharge between the 
anode B and the cathode is an auxiliary keep-alive system. 
The cathode pool was immersed in a thermostatically controlled 
water bath; this enabled the pressure within the tube to be 
controlled conveniently over the range 0-000 7—0:005 7 mm Hg. 
The temperature lag and the associated hysteresis mentioned 
previously were avoided by enclosing both the tube and the 
cavity in a hot-air jacket. 

For discharge currents greater than 50mA the resonance 
curves indicated by a galvanometer became markedly asym- 
metrical and damped; some typical examples are shown in Fig. 6. 
It is shown that this is due to fluctuations in the discharge and 
that it is associated with fluctuations in the light intensity emitted 
by the discharge. These fluctuations are the result of the inter- 
action of two sets of striae. One set is almost regular and 
travels towards the cathode, and the other occurs apparently at 
random and travels towards the anode. Similar but more 
regular fluctuations have been fully examined by Donahue and 
Dieke.?! 

In subsequent experiments using this low-pressure mercury- 
vapour tube the instantaneous resonance curves were displayed 
on an oscillograph. This enabled the true heights of the 
resonance curves to be measured over the range of current in 
which the fluctuations occurred. 

Fig. 7 shows the relative permittivity plotted as a function of 
discharge current, resonant frequency, and water-bath tempera- 
ture. The results have been calculated taking into account the 
effect of the glass wall of the discharge tube. The slopes of the 
lines, for either water-bath temperature, again do not conform 
to the 1/w? relation indicated by eqn. (3), and to explain this 
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Fig. 6.—Resonance curves of the cavity as a function of discharge 
current and temperature of the water bath. 
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Fig. 7.—The relative permittivity of the discharge as a function of 
discharge current, water-bath temperature and frequency. 
(®) fo = 2946 Me/s, (ii) fo = 2500 Mc/s, (iii) fo = 2119 Mc/s. 
T2027: ---- T= 386°C. 
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by stipulating a large collisional frequency requires v to be 
1-5 x 10!° collisions/sec. Such a large value is inconsistent 
with the small damping actually observed. Another discrepancy 
from the expected results is that the relative permittivity of the 
discharge does not depend very much upon the temperature of 
the water bath, but this.can be explained by the hypothesis that 
the effective mercury free path of the electrons is limited by the 
physical size of the discharge tube. 

The height of the resonance curve is proportional to the square 
of the Q-factor, and therefore the variation of the Q-factor with 
discharge current can be calculated from the curves of Fig. 8, 
which show the relation between the height of the resonance 
curve and discharge current. These curves suggest that the 
Q-factor decreases approximately uniformly for increases ip the 
discharge current, but that superimposed upon this is a pro- 
nounced dip caused by some as yet unspecified phenomenon. It 
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a 
is shown in the appendix to the paper that v is related to the) 
regular decrease in the Q-factor by the equation 


') 
Ignoring the results at 3000 Mc/s because the pronounced dip} 
seriously affects the experimental results, the average value of v| 
deduced for the current of 1-8amp is 0:94 x 108collisions/sec. | 

Corresponding to this value of v, the Q-factor, and therefore 
the deflection at resonance, can be calculated for any discharge 
current directly from experimental curves of df x v x I,. The 
calculated relations between 07/0) and J, are shown by the full 
lines of Fig. 8, and the agreement is satisfactory in the regions 
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Fig. 8.—Curves of 02/00 versus Ig. 
= 38-6°C. 
(i) fo = 2946 Mc/s, (ii) fy = 2500 Mc/s, Giii) fo = 2119 Mes. 
——— Theoretical. - Experimental. 


not affected by the pronounced dip. This new value of v also 
supports the suggestion that the mean free path is limited by the 
physical size of the discharge tube. It is shown qualitatively 
that the pronounced dip in the Q-factor may be caused by an 
electron resonance phenomenon of the kind envisaged by Tonks 
and Langmuir.25 Other possible explanations are discussed 
and shown to be unlikely. | 

Under the action of the impressed r.f. electric field, electron: 
resonance of the kind just mentioned would be associated with 
vigorous oscillations of those electrons within a certain annulus, 
and the electrons nearer the axis would therefore be partially 
shielded from the electric field. Under these conditions it is 
not possible to calculate the relative permittivity of the dis- 
charge by the analysis given in the appendix. This would account 
for the departure from the 1/w? relation. 

In the appendix are also derived the equations which enable 
the relative permittivity of loss-free and homogeneous discharge 
to be calculated from the change of the resonant frequency of 
an H,,; resonant cavity. This analysis is rigorous and extends 
the results of Pincherle?® to the case of a cylindrical waveguide 
system containing three concentric dielectrics. An approximate 
analysis based on the resonator action theorem of Maclean?® 
shows how the relative permittivity of certain inhomogeneous 
discharges can be calculated from the measured change of the 
resonant frequency of the cavity. This theorem is also used to 
deduce the relation between the Q-factor of the cavity and the 
collisional frequency of the electrons. 
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The type of sampling system analysed in the paper is shown in 
Fig. 1. The system is split into three parts as follows: 
-(@) Sampler.—This unit samples the difference between the 
nput and output and maintains the sampled value until the next 
ampling time. (The intervals between the sampling times are 
qual and are normalized to unity throughout the paper.) 

(6) Discontinuous Shaping Unit.—In this unit the output from 
he “sampler” is modified by any linear combination of “‘sum- 
ning” and “differencing.” It is also possible for the information 
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Fig. 1.—Block diagram of the sampling servo-system. 
Waveforms are only symbolic. 
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to be delayed by an integral number of sampling periods by the 
unit. 

(c) Passive Shaping Unit.—This is any linear network consisting 
of L, C and R elements which has a step response f(t) whose 
Laplace transform is F(p). 

The output of the system at time t = 
given by 


n-+ 6t is found to be 


1 | q) e Bg t/q — 8%*)D[v{n)]q"—! de 


vo(n + 81) = 5 ; 
¥ B/(g ar &r) 


where the contour c is a large circle around the origin, 0(g), B, 
and «, are parameters describing the kind of units used within 
the sampling servo system, 6(q) is a rational polynomial, B, and 
a, are constants and 


e(e)] ="¥ aren) 


Nyquist plots can be made, when it is possible to expand 6(q) 
about the point g = 1 in the form 


n=", n=r2 
64) = Y AM — 1)" + Y BOa"|(q — 1)" 

n=0 n=0 

The paper includes examples using simple discontinuous 
shaping units which are typical of range measuring units and 
a.g.c. networks. The system is discussed from a stochastic 
standpoint in the appendix, and an expression for the spectral 
density of the output is obtained. A further example is included 
to illustrate the significance of this result. Some of the work 
included in the paper has been discussed by other writers on 
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several occasions, but the main features in this field which the 
authors consider as new are as follows: 
(a) The generalized discontinuous shaping unit and its complete 


inclusion in the mathematics. 
(6) The expression for the output between the sampling times for 


the general case. 

(c) The conditions under which Nyquist plots can be made. 

(d) A comprehensive study of the time response to a stochastic 
process with its accompanying results. 
The paper is almost entirely mathematical and should prove of 


great interest to servo-mechanism specialists. 
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